LEVEL- 2
_,.L,%O,;fl NS

RADC-TR-78-279, Vol | (of two)

interim Report
March 1979
H
o
on HOLOGRAPHIC GRATING STUDY
o0 EE |
ughes Aircraft Company
e
G Sponsored by
4 Defense Advanced Research Projects Agency (DoD)
ARPA Order No. 1279
APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED
E The views and conclusions contained in this document are those of
) the authors and should not be interpreted as necessarily representing
(&) the official policies, either expressed or implied, of the Defense
Advanced Research Projects Agency or the U.S. Government.
L
—_—
oo DDC 2
() MRS
= MAY 21 jo19 ||
= f
ROME AIR DEVELOPMENT CENTER LHGLIU G
D ’ z

Air Force Systems Command
Griffiss Air Force Base, New York 1344|

B s



BEST
AVAILABLE COPY



This report has been reviewed by the RADC Information Office (OI) and
is releasable to the National Technical Information Service (NTIS). At NTIS
it will be releasable to the general public, including foreign nations.

RAD"-TR-78-279, Vol I (of tw&) has been reviewed and is approved for
publication.

APPROVED: li z) -'(9\ @« ,.IQ.\

ROBERT F. OGRODNIK
Project Engineer

If your address has changed or if you wish to be removed from the RADC
mailing list, or if the addressee is no longer employed by your organ-
ization, please notify RADC (OCTM) Griffiss AFB NY 13441. This will
assist us in maintaining a current mailing list.

Do not return this copy. Retain or destroy.



LEVE

HOLOGRAPHIC GRATING STUDY

J. 0. Garvey, et al

Contractor: Hughes Aircraft Company

Contract Number: F30602-76-C-0402

Effective Date of Contract: 2 A*ugust 1976
Contract Expiration Date: 30 December 1978
Short Title of Work: Holographic Grating Study
Program Code Number: 9E20

Period of Work Covered: Aug 76 - Feb 78

Principal Investigator: John Garvey
Phone: (213) 391-0711, x21389

Project Engineer: Robert Ogrodnik
Phone: (315) 330-4431

Approved for public release; distribution unlimited.

This research was supported by the Defense Advanced
Research Projects Agency of the Department of

Defense and was monitored by Robert F. Ogrodnik (OCTM)
Griffiss AFB NY 13441 under Contract F30602-76-C-0402.

_asmsion tw

m i "'">< D D

" Mt o O ~
WANROUACED o) U Qmmw =1

0.

JESTIFIGATH WY 21 1o
TR LERLABILITY. G0N LWLLIU LU

Ui i o SPEGIAL D

! ! !

no




UNCLASSIFIED
SECYMTTYNGLASSIFICATION OF THIS PAGE (When Data Enteced)

REPOPT oocuuemmou PAGE L L VO

2 GDVT ACCESSION NO.J 3 RECIPIENT'S CATALOG NUMBER

- P
S e T q i Il T eney

A c———— v N ! : Interim (MiRSRSY) “.«t.
HOLOGRAPHIC GRATING §TUDY. w AT il Aug 76 - Feb 78 . ¥

, - 7 i . - , |~

! \
J. 0. Garvey, et al , L\ ’ F;dﬁéZ -716- C704ﬂ§ L F P
2l oaceA Seder-1H477
9. PERFORMING ORGANIZATION NAME AND ADDRESS €L AMENTL.RRAG P TASR P
AREA & WORK UNIT NUMBERS

Hughes Aircraft Company - — S

Aerospace Groups

Culver City CA 90230
11, CONTROLLING OFFICE NAME AND ADDRESS
Defense Advanced Research Projects Agency Maroh@®79 |
1400 Wilson Blvd 13. NUMBER OF FAGES
Arlington VA 22209 220

4. MONITORING AGENCY NAME & ADDRESS(It difterent from Controlling Oftice) 1S5. SECURITY CLASS. (of thia report)

Rome Air Development Center (OCTM) UNCLASSIFIED
Griffiss AFB NY 13441 t5a. g)g’::é.éjiugucAﬂow’oowncmomc
N/A

16. DISTRIBUTION STATEMENT rof this Report)

Approved for public release; distribution unlimicted.

i John 0./Garvey, R. J./dithrington, \
, G. G./ismer, A. AufLivano: ‘ L)
17. DISTRIBUTION STATEMENT (o1 the -\. Ao '/,- {7aNos

L+

Same s
T —
18. SUPPLEMENTARY NDTES / 9 é ] :
RADC Project Engineer: Robert F. Ogrodnik (0OCTM) Wi e o

e e

19. KEY WORDS (Cuntinus on reverse side if necessary and Identify by block number)
Diffraction Limited (rating

Holographic Grating Techniques

Ion Etching

Beam Sampling

High Power Laser Componentry

20, }QQTRACT (Ccntinue on reverse side If necassary end identify by block number)

The two primary goals of the study were to demonstrate the feasibility
of fabricating low and high-efficiency ion-machined holographic-gratings and,
by means of optical analysis, to establish their suitability for use in
practical high-energy laser systems. Both of these goals were achieved. The
principal results of the study are summarized below:

—%. Fabrication techniques for both low-efficiency and high-

efficiency nonlinear holographic gratings were successfully demonstrated, —< |/
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2, The feasibility of producing high-efficiency holographic gratings,

with respect t» both design and fabrication, was establisheq}

~=-3, The feasibility of designing aberration-corrected hnlographic
gratings was demonstrated.
)

=%, Several important optical configurations utilizing holographic
gratings were analyzed in terms of their aberrations, as a function of various
distortions and component tolerances., *
: 2

<=5 Two major HEL system applications of holcgraphic gratings were
investigated in depth:

a.) A primary mirror holographic grating beam sampler for LOS
or wavefront control. A

'b.) A holographic grating axicon for use as a mode-control
device in an annular resonator.
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A collimated helium-neon laser beam (0.6328 pm) is incident on a focusing
holographic diffraction grating from the left hand side of the photograph:
The various diffracted orders can be seen to have different focal lengths in
accordance with theory., The zeroth order and one diverging order are seen
at the right hand side. The grating was designed for use at 3. 39 um for
which it would have only one aberration-corrected diffracted order.
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PREFACE

This report documents the work Performed for the Holographic Grating
Study from its inception in August 1976 until February 1978, covering the
original scope of effort defined in the RFP. An additional effort to investigate
the properties of holographic ‘grating axicons is continuing under a contract

modification and will be reported on when completed in early 1979,

The study is being conducted by Hughes Aircraft Company, Laser

Systems Division, Electro-Optical and Data Systems Group, for Rome Air

Development Center, Griffiss Air Force Base, under Contract Number

F30602-76LC-0402. Mr. Robert Ogrodnik is the technical monitor for RADC,

Technical direction for Hughes during the report period was provided

by Dr. John M. Fitts, who also served as Program Manager for the first six

months of the study. The other Hughes contributors to the contract were:

Program Managemen*: J. O. Garvey

Cptical Analysis:

R, §. Withrington and O. G, Ramer
1 Grating Fabrication: A. Au and A. C. Livanos

High-Efficiency Gratings: = M. Minden and G. M, Janney

Wil

The report is divided into two volumes. Volume I, which comprises

all but a small fraction of the report material, is issued with unlimited

ikl i

rights. Volume II, containing descriptions of certain proprietary concepts
and techniques, is issued with limited rights,
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PHASE I SUMMARY

Project No: 1279

Contract No: F30602-76-C-0402

Effort Title: Holographic Grating Study - Phase I
Contractor: Hughes Aircraft Co., Culver City, CA

The objectives of this program are to develop and
assess a technology which produces diffraction limited
beam samplers which are suitable for high energy laser
applications and lend themselves to large aperture optical
systems, of the several meter range, in their performance
of uniformity and Jistortion.

The developed technology is based on holographic
exposure methods for grating construction with exposure
being made directly on a photoresist layer which is
deposited (with controlled uniformity) on the optical
surface of the candidate mirror substrate. Ion etch
methods are used for permanently etching the grating into
the substrate, with the developed photoresist serving as
a direct contact mask during the etching process. The
combination of controlled ion etching and holographic
tailored masks permits grating groove geometry control
which insures high quality performance not achievable by

conventional grating fabricaticn methods. Further, the
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ion etch approach removes all photoresist after the grating
has been imprinted and provides a light optical quality
polish to enhance mirror properties.

The overall approach is fully applicable to heat-
exchanger mirror faceplates and thus supports high power
laser component development. The demonstration of this
constitutes the Phase I of this effort.

Since grating design is holographically implemented,
the grating generated sampled beam can be made to either
focus with a preselected radius of curvature, or to feature
any preferred wavefront phase distribution which aids in
wavefront monitoring or other beam sampling operations. A
significant consequence of this is that the substrate itself
can feature differing apparent optical prescriptions for
differing wavelengths, thus serving the role as wavelength
selective optical control, or, as having a virtual aspheric
optical form when the true physical form of the substrate
is a simple, easily fabricatable shape. This feature will
be fully ex. lored in the Phase II effort where a virtual
axicon concept will be studied, fabricated and analyzed for
intracavity laser mode control purposes.
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Project Engineer
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1.0 INTRODUCTION

1.1 BACKGROUND

This report documents the accomplishments of the Holographic
Grating Study from its inception in August 1976 until February 1978, cover-

ing the scope of effort defined in the proposal. : The overall objective of

the prcgram was to establish the feasibility of holcgraphic grating (HG)
technology for high-energy laser applications. In the course of the study,
the original scope was broadened to include a subsequent investigation of

1 holographic grating axicons for annular ring resonatora,2 This axicon work,
4 which is a direct outgrowth of the original Holographic Grating Study, is

, continuing under additional funding and will be documented upon completion
of that effort in early 1979.

Although the focusing properties of nonlinear gratings have long been
recognized, the possibility of developing them ior use on large reflective
optics has been seriously investigated only during the last few years, mainly

because traditional fabrication methods were ill-suited to such applications.

An early study by the Keuffel and Esser Company in 1972 examined the
feasibility of producing a low-efficiency holographic beam sampling grating
on the primary mirror of a 30-cm astronomical telescope.” More recently,
the Perkin-Elmer Corporation investigated the properties and potential

methods of fabricating linear infrared reflection gratings to be used as wave-

front samplers for high-energy laser (HEL) be.‘.tms.4 Focusing holographic

i

gratings on mirror surfaces were also investigated by Arizona University. >

1. "Technical and Management Proposal for a Holographic Grating Study, "
Hughes Aircraft Company, 10 March 1976.

2. "Technical and Management Proposal, Holographic Axicon/Annular
Resonator Feasibility Demonstration, ' Hughes Aircraft Company,
Report No. TP77-147 (1 August 1977).

3, K. E. Erickson, '"Fabrication and Evaluation of a Weak Zone Plate for
Monitoring Performance of a Large Orbiting Telescopes,' Keuffel and
Esser Company, Report No. NAS1-10564 (July 15, 1972).

4, J. S. Harris, et al., '"Diffraction Grating Development, ' Perkin-Elmer
Corporation Report No. 11991 (AD-A008 199), (July 1974).

; 5. "L.::lrge Diameter Active Mirror with Holographic Figure Sensing,"
3 Arizona University Optical Sciences Center, SAMSO TR 75-17 (Oct 1974)
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The Hughes Holographic Grating Study differs from, and goes beyond
these earlier investigations in several important respects. First, the study
is concerned with only a single type of grating, consisting of nonlinear
reflection gratings produced by ion machining through holographically-
exposed photoresist masks. Linear (non-focusing) gratings were not con-
sidered, although they can also be fabricated using these techniques. The
combination of holographic exposure and ion imachining techniques was chosén
as being the most suitable fc - producing nonlinear gratings on high-power
metal mirrors such as those used in HEL systems.

A second distinguishing feature of the Holographic Grating Study
is the detailed optical analysis that was performed to evaluate a number
of holographic grating concepts applicable to HEL systems. Among these
concepts, originally conceived prior to the study, were several realizations
of focusing HG bearn samplers for a primary mirror; this analysis led
directly to one of the major practical results of the study — a conceptual
holographic grating sampling scheme for implementing line-of-sight (LOS)
or wavefront control of an HEL beam. Other concepts examined included
a holographic grating axicon, a holographic grating rhomb, and a 'virtual
mirror, ' all based on the properties of nonlinear high-efficiency gratings.

The inclusion of both analytical and experimental investigations of
high-efficiency holographic geratings represents another noteworthy aspect
of the Hughes study. As mentioned above, several high-efficiency grating
concepts were anal;rZed, while the feasibility of fabricating high-efficiency
HGs was demonstrated in connection with the experimental task, The HG
axicon work currently in progreg¢s was brought about by the success of these
efforts.

Finally, an aberration-corrected 45-degree beam sampler was
designed, and this design was then used to fabricate both low-efficiency and
high-efficiency sample gratings. Focal spot measurements of these
samples revealed nearly diffraction-limited performance, thus demonstrating
that the correction of grating aberrations is feasible using straightforward

design practices, and is coinpatible with the fabrication techniques employed.

1
1
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1.2 SUMMARY OF PROGRAM TASKS

£ The Holographic Grating Study was structured into the following six

technical tasks:

Task I. Holographic Grating Conceptual Designs

Task II. Analytical Investigations of Conceptual Designs

Task III, Nonlinear Eolographic Beam Sampler Development

Task IV. High-Efficiency Holographic Grating Feasibility

emonstration
E Task V. Evaluation of Holographic Grating Applications

Task VI. Demonstration «f "Aberration-Free' Holographic
Gratings

-\WW T

Although Tasks I and Il were originally conceived as separate tasks,
they were, in effect, merged throughout the study, This effort was concerned
with identifying and evaluating various conceptual uses of low-efficiency and

high-efficiency holographic gratings in HEL systems. Extensive computer

analyses were employed to assess the aberrations associated with each con-
cept, including the effects of misalignments and distortions, Conéepta inves-
tigated in varying levels of detail included two types of HG beam samplers, a
holographic axicon, a ''virtual mirror,' and an HG rhomb.

Task IIJ comprised the experimental investigation of fabrication
techniques for both low and high-efficiency holcgraphic gratings. Topics

covered under this task included the preparation and coating of substrates

with photoresist, holographic exposure and development of photoresist
gratings, and ion-machining of the final grating into the substrate. A sig-
nificant portion of this investigation was devoted tc methods of depositing
highly uniform pnotoresist coatings, and of eliminating the standing waves
that tend to occur when holographic gratings are fabricated on reflective sub-

strates; solutions of these problems are essential to the siccessful develope

ment of high-efficiency HGs.

Task IV was directed toward acquiring improved theoretical under-
standing of the relationship between grating diffraction efficiency and various
design parameters such as the groove shape and depth, and the angle of
incidence and nolarization of the incident radiation. A key element in this

investigation was a set of computer codes, originally developed at the

o
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University of California, which was used to calculate the grating efficiency
as a function of these parameters, and to guide the design of the high-
efficiency grating samples fabricated in Task III. The work in Task IV also

included efficiency analyses of the beam sampler and ''virtual mirror' con-

cepts and laboratory measurements of the efficiency and efficiency uniforrnity
of the sample gratings produced under Task III, I

The most promising HG concepts examined in Tasks I and II were

(Rl

subjected to more intensive analysis under Task V. One low-etficiency

grating concept (Primary Mirror H(; Beam Sampler) and one high-efficiency

concept (HG Axicon) were chosen for this purpose. An in-depth investigation

of the latter concept is continuing under this task.

Task VI was conceived independently of the other tasks and was funded
separately as the '"Government Option' during the study. It consisted of the
design. fabrication and laboratory evaluation of an aberration-corrected
2 holographic grating beam sampler for a 45-degree folding mirror., This task

was included to demonstrate the feasibility of producing such ""aberration-free"'

gratings using the fabrication techniques developed during the program. =

JrT. T

1.3 PRINCIPAL ACCOMPLISHMENTS

The most significant results of the Holographic Grating Study are
enumerated below and are discussed in detail in following sections of the

report:

Wmmnu,
e
-

Fabrication techniques for both low-efficiency and high-efficiency
nonlinear holographic gratings have been successfully developed.

2. The feasibility of producing high-efficiency holographic gratings,
with respect to both design and fabrication, has been established.

3. The feasibility of designing ab~rration-corrected holographic
gratings has been demonstrated.

4, Several important optical configurations utilizing holographic
gratings have been analyzed in terms of their aberrations, as a
functicn of various distortions and component tolerances.

%
The term "aberration free' was used initially in place of the more
accurate designation '"aberration corrected.' The two terms are used
synonymously in this report.

1S




5. Two major HEL system =pplications of holographic gratings have
been or are currently belng investigated in depth:

a. A primary-mirror holographic grating beam sampler for
LQOS or wavefront control,

b. A holographic grating axicon for use as a mode-control
device in an annular resonator.

1.4 ORGANIZATION OF THE REPORT

The following sections of the r:port present detailed descriptions
and results of the various analytical and experimental investigations that were
carried out during the study. Section 2 contains the non-proprietary results
of Tasks 1, Il and V, covering the analysis of holographic grating concepts
and applications. (Detailed descriptions of two proprietary concepts are
given in Volume II, Section 2.) This section also includes an introductory
tutorial discussion of the most relevant properties of holographic reflection
gratings. Section 3 documents the results of the fabrication investigation
performed under Task 3, except {or a proprietary discussion of anti-
reflection coatings, which appears in Volume II, Section 3. The section
begins with a general discussion of grating fabrication methods that is intended
to clarify the reasons for selecting the approach that was adopted.

Sections 4 and 5 are devoted to more specialized topics. The high-
efficiency grating investigation (Task IV) is described in Section 4, while the
results of the "Government Option'' (Task VI) are presented in Section 5. The
conclusions of the study are set forth in Section 6, which includes a summary
of the principal results and a discussion of their implication for the continued

development of HG technology.
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2,0 HOLOGRAPHIC GRATING CONCEPTS

This section of the report contains descriptions and optical
unalyses of the various holographic grating concepts that were investigated
under Tasks I, II, and V of the study. Concepts employing both low-
efficiency and high-efficiency gratings are discussed. The feasibility
of designing and fabricating such gratings is taken up in Sections 3
and 4.

The presentation begins in Section 2.1 by examining certain
fundamental properties of holographic gratings that are exploited
subsequently in defining the concepts. In Section 2.2, the low-efficiency
and high-efficiency concepts are introduced and discussed separately
in qualitative fashion. Section 2.3 contains the detailed optical analyses that
were performed to assess the viability of the concepts. Proprietary descrip-
tions of two high-energy-lase~ systems applications are presented in

Section 2 of Volume II.

2.1 BASIC PROPERTIES OF HOLOGRAPHIC GRATINGS

2.1.1 What is a Holographic Grating?

The type of grating considered in this report consists cof a series of
non-intersecting shallow grooves etched into the surface of a flat or curved
metallic substrate such as a high-power mirror, The groove locations are
defined by the maxima or minima of an interference pattern produced bv
two mutually coherent wavefronts. In general, the grooves follow curved

lines and their spacing (period) varies with position. Such gratings are
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called "thin phase reflection holograms' or simply holographic gratings
(HGs). They are also sometimes referred to as ""ncnlinea *' gratings to
distinguish them from conventicnal "linear" gratings in which the grooves
are straight, paralle! and equally spaced. Strictly speaking, linear grat-
ings can also be made by holographic methods, so the adjectives
"holographic'" and '"non-linear" are not quite synonymous, In the context
of tne Holographic Grating Study, however, this distinction is unimportant,
since only true nonlinear holographic gratings were investigated,

When a holographic grating is illuminated with a cohe rent
wavefront from a laser (or other coherent source), part of the incident
beam is unaffected by the grating and is reflected from the substrate as
the zerotk order of diffraction, The remaining energy* is diffracted by
the grating into the various non-zero orders that can exist according to
the grating equation. The fraction of the incident energy diffracted into
a single specified order is given by the diffracticn efficiency for that
order. Diffraction efficiency is a function of several parameters including
the depth, shape and period of the grooves, and the wavelengih, angle of
incidence, and polarization of the incident beam. Although multiple
orders are of interest in some grating applications, the holographic
grating concepts investigated in the present study employ either the
zerot-}l and first orders together (low-efficiency gratings) or the first
order alone (high-efficiency gratings).

While the separation of a monochromatic beam into a number or
orders is the hallmark of any diffraction grating, the primary distinguishing
feature cf a holographic grating is its ability to focus such a beam to a

point. In other words, an HG can be designed to have

“A small fraction of the incident energy is also lost to absorption
and random scattering in the grating,



optical power, while a conventional linear grating cannot. This unique

E capability is made possible through the use of nonlinear groove pctterns,
which are practicable only with the holographic method.

£ Optical power is just one of several holographic grating properties
upon wkich the various concepts were based. Because of their fundamental

importance, they are identified and briefly discussed below.

é 2.1.2 Fundamental Properties

The following five properties cf holographic gratings play a central

role in the concepts examined ir this section:

1. EHolographic gratings utilize the first or higher orilers of dif-

fraction, This, of course, is an essential feature of all diffraction gratings,

but in conjunction with Property 2 below, it provides the basis for the
unique flexibility that marks the holographic grating optical configurations
to be described., The significance of this statement is best appreciated by
examining the conceptual designs shown in Figures 1 and 2. It should be
evident that the use of holographic gratings opens up a range of design
options that would otherwise be impracticable or impossible with conven-
tional optics,

The number and angular positions of the diffracted beams are
governed by the grating equation, which is applicable to both conventional
gratinga and to any small region of a holographic grating. If the grating
lines are perpendicular to the plane of incidence, as shown in Figure 3,
the incident and diffracted angles ¢ and 8, respectively, are related by the

grating equation:

siné + 8in® = m\/d (1)
m




a. On-axis system

v

—

OPTICAL
X—axis

b. Off-axis £y stem with
axi-symmetric sampling

—

c. On-axis system with
asymmetric sampling

MAIN BEAM OPTICAL PATH
=== SAMPLE BEAM OPTICAL PATH

o HOLOGRAM IS A LOW DIFFRACTION
EFFICIENCY NON-LINEAR GRATING
ON THE PRIMARY MIRRCR

Figure 1, Illustrative beam sampling
applications,
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Figure 2, Illustrative High-Efficiency HG Concepts
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Figure 3. Plane diffraction grating.

where )\ is the wavelength of the incident beam, d is the grcove spacing or
period, and m is an integer (positive or negative) that defines the diffraction
order, If the grating lines are not perpendicular to the plane of incidence,
the relationship between ¢ and Gm is more complicated. The diffracted angle
is pesitive when the diffracted beam is on the same side of the grating nor-
mal as the incident beam, negative if on the opposite side. (These conven-
tions apply to reflection gratings, which are the only type discussed here.)
The values of $ and A /d determine the number of diffracted orders
(the nurn.ber of secondary beams into which the incident beam is split), In
particular, if A\/d > 2, only m = 0 is possible; i.e., there are no diffracted
beams, only the zeroth-order or specular beam (90 =¢). Similarly, if
1 <\/d <2, the orders corresponding to m = 0 and m = %1 are possible
for normal incidence, but no others. These two cases are of particular
importance in applications where gratings are used as beam splitters and
samrfplers.
If the incident beam is pulychromatic, a set of diffracted beams will

be produced for each component wavelength. This property provides the

12




basis for one important method of separating two beams of different
wavelengths., (The other primary method is to exploit the long wavelength

cutoff A\/d > 2 to separate the beams.)

2. Holographic gratings have optical power. Because holographic

gratings can be made to have almost any desired nonlinear groove pattern,
they can be designed to focus a monochromatic wave to a point., (Linear
holographic gratings represent a limiting case for which the focal length is
infinite,) The formation of planar wavefronts by a linear grating (uniformly
spaced grooves) and converging wavefronts by a nonlinear grating is illus-
trated in Figures 4a and 4b, respectively. Since the focusing property of a
nonlinear grating is opticaliy equivalent to the action of an ordinary lens,
an HG is sometimes described as a "holographic lens', and this term is
used occasionally in the report. * The lens analogy is also suggested by the

expression for the power P of the diffracted beam from an HG:

HG

1 1 1
P o mu(— -——) (2)
HG F HG R1 RZ
where
F = Focal length of the grating

HG

R ., R, = Construction point-source distances
[

K = Ratio of playback wavelength to construction wavelength

Order of diffraction

n

m

Comparing Equation 2 with the formula for the power of a thin lens shows
that the holeographic grating is optically equivalent to a lens having radii of

curvature R1 and R2 and a refractive index of mp + 1.

*A ''lens' in this context, is to bhe understood in the serse of a curved
mirror with power, since only reflective gratings are considered.

13
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Figure 4. Formation of planar and converging wavefronts
by a) linear and b) nonlinear gratings.

3. The optical powers of a holographic grating and its substrate

are additive. This property is expressed simply as

Prot " Pug * Fs (3)

where PHG and PS denote the powers of the yrating and the substrate,
ue i*
order, when piresent, is

is the combined power of both. Whenm =0, P

th

respectively, and PTot
zero according to Equation 2; hence, the zero

affected only by the subatrate power, PS' and therefore represents the

14




ordinary reflected beah. This property is particularly useful for

separating the main beam from the diffracted beam in sampling applications.

4, The diffracted beam from a ''periect'’ holographic grating is a

true phase replica of the incident wavefront.

5. The zerot—h'-order beam from an HG is unaffected (i.e,,

undistorted) by the presence of the grating.

Property 4 is important in high-efficiency grating concepts which
th
emmploy only one diffracted order (other than the zero= order), while
Properties 4 and 5 are both relevant to the beam sampling concepts. The

term ''perfect holographic grating, ' as used above, refers to a hologram
that is free of aberrations, and is entirely analogous to the notion of a
"perfect lens''. Although idealized, it is a highly useful concept for analyz-

ing the optical characteristics of holographic gratings.

2.2 DESCRIPTION OF HOLOGRAPHIC GRATING CONCEPTS

During the ccurse of the study, a number of concepts utilizing
holographic gratings, based on the fundamental properties described in
Section 2.1, were identified and analyzed in varying levels of detail, These
concepts ave introduced and discussed briefly in this subsection, while the
detailed analyses are presented in Section 2.3. For convenience in
presentation, the low-efficiency and high-efficiency grating concepts are
taken up separately. This distinction is maintained throughout the report
since it also provides a natural basis for assessing the fabrication issues,
which differ significantly for low- and high-efficiency holographic gratings
(See Sections 3 and 4.)

15
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2.2.1 Low-efficiency Grating Concepts

The designation "low-efficiency' is used here in a qualitative, rather
than a strictly quantitative sense to denote holographic gratings that have
been designed for less than the maximum possible efficiency in a specified
order of diffraction. Such gratings ordinarily utilize the zerot'}‘1 order at
high efficiency for the main HEL beam (typically greater than 99.+ percent)
and the first or higher order(s) at relatively low efficiency (typically less
than 0.1 percent). The precise value of the efficiency in a particular
application depends upon a number of design considerations, including the
power level required in the low-efficiency beam. Thus, the efficiency of
holographic grating used to sample a high-energy laser beam could be as
small as 0.02 percent, while a sampling grating for a low-power laser
might require an efficiency of 20 percent or more.

Although several functional uses for low-efficiency holographic
gratings can be envisioned, only one basic crncept applicable to HEL sys-
tems was identified — the holographic grating beam sampler. Two types of
sampling gratings were investigated in detail: (1) A beam sampler on the
primary mirror of an HEL telescope and (2) a beam sampler on a flat
mirror oriented at 45 degrees to the incident beam. The first of these was
regarded as a highly promising candidate for achieving improved LOS and
wavefront control in HEL systems and was therefore investigated exten-
sively. The 45-degree beam sampler, on the other hand, was selected for
analysis principally to demonstrate the feasibility of designing and fabri-

cating aberration-corrected gratings, as descrihed in Section 5.

Primary Mirror Beam Sampler

In this concept, a low-efficiency holographic grating is etched
onto the primary mirror of a beam expander and is used to provide a

low-power wavefront sample of the main beam. Ideally, according to

16
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Fundamental Properties 4 and 5 (Section 2, 1, 2), the holographic
sample accurately maps the phase and relative amplitude cistributions of
the main beam. Therefore, the sainple can be used to record its instantane-

ous wavefront profile. (Deviations from this ideal situation in real systems

TR

are considered later.) By making use of Properties 1 through 3, the sample

beam is optically separated from the main beam and brought to a focus at
a convenient location where it can be measured by a suitable sensor,

Three representative design configurations were illustrated in

Figure 1, in which the dashed lines indicate the paths of the sample beams.
In the coaxial configuration (Figure la), the focal points for both the main
and sample beams lie on the telescope axis, at different distances from the

vertex of the primary mirror. An off-axis telescope with a holographic

b i it

grating beam sampler that focuses on the axis is shown in Figure 1lb, while
Figure lc represents an on-axis telescope in which the grating focuses the
. sample beam at a convenient off-axis point. These configurations are
analyzed in Section 2.3,

As suggested earlier, the impetus for development of a primary
mirror beam sampler stems from the need for improved LOS control and
1 the emergence of adaptive optics technology for local-loop wavefront
control of the outgoing HEL beam. In both applications, the full potential

of the control system can be achieved only if the wavefront is sampled after

i

the last component of the optical train, i.e., at the exit aperture. This

permits the control loop to correct for spurious wavefront tilts or deforma-

tion caused by all phase distorting mechanisms up to and including those

associated with the primary mirror. Placing a holographic grating on the

3 primary itself therefcre represents the closest physically realizable

: apptrozach to ideal sampling for iuvcal-loop control of an outgoing HEL beam,
The two principal control applications of a primary mirror beam

sarnpler are illustrated in Figure 5 for a co-axial system, In this con-

figuration, a full-aperture wavefront sample of the main beam is diffracted

17
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from a holographic grating on the primary through a hole in the secondary to
an error sensor situated behind it. As indicated by the two feedback loops
in the figure, the holographic sample can be used, via appropriate servo
subsystems, for either (or both) LOS or wavefront control of the main beam,

Beam steering control is accomplished by tilting one or niore steer-
ing mirrors in accordance with directional (i.e. wavefront tilt) information
obtained from the sample beam. Wavefront control is effected in the other
loop by means of a different error sensor plus 2 figure control unit, and an
active (deformable) mirror. Phase errors measured by this sensor provide
inputs to the figure control which generates “he signals that drive the
deformable mirror to correct the phase protile of the output beam.

In cach loop, the control system operates on the main beam in
respcnse to signals derived from the sample beam. The viability of this
approach therefore requires that the aberrations in the main beam be mapped
directly and unambigously into the sample beam over the expected range of
beam steering angles., For a '"perfect'" hologram, this property is assured
by the wavefront theory of holography. A real holographic grating, on the
other hand, introduces additional aberrations of its own into the sample, but
not equally into the main beam,

These spurious aberrations originating in the HG itself can be
corrected in the grating design, but the correction can be made exact only
if the geometry of the two heams and the distortions of the primary mirror
are precisely specified and do not change with time. Since the geometry
will shift somewhat because of beam steering and various unavoidable
misalignments of the telescope and sensor elements, some grating
aberrations will remain. To ensure that these residual aberrations
do not become excessive, a thorough optical design and tolerance analysis
is required. Similarly, aberrations caused by primary mirror distortions
can only be assessed by means of a detailed analysis. Such an analysis

was performed and is described in Sectioa 2. 3.2,

19
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Beam Sampler on a 45-Degree Mirror

il v b R

the zeronl order being diffracted (reflected) at 45 degrees.

T

beam might be utilized for laser diagnostic purposes,

efficiency holographic grating on a flat mirror oriented at 45 degrees to a

collimated laser beam, as shown, The grating is designed to focus the

An example of the second type of beam sampler investigated during

the study is illustrated in Figure 6. This beam sampler consists of a low-

first-order sample beam to a point on the normal to the center of the mirror,

This configura-

tion is representative of a folding mirror such as those used to relay the

laser beam from an HEL to the beam expander. In this case, the sample

Because it employs a flat substrate and an off-axis design, the

45 -degree beam sampler involves design and fabrication considerations

tend to be larger, while the flat substrate is more easily coated with a

z

Figure 6. Aberration-corrected 45-degree
beam sampler,
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differing from those pertaining to the on-axis primary mirror beam sampler

of Figure 4. In particular, aberrations in both the main and sample beams
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uniform layer of photoresist than is a curved primary, For these reasons,
this configuration was selected to demonstrate the aberration-corrected

grating design described in Sectior 5,

2.2.2 High-Efficiency Grating Concepts

As in the case of the low-efficiency gratings described above, "high
efficiency” holographic gratings are defined in accordance with their usage,
rather than by some arbitrary range of diffraction efficiencies. The essen-
tial defining characteristics of these gratings is that the zerom order is
intentionally suppressed while the efficiencv of one or more higher orders
is maximized. This distinguishes them from low-efficiency gratings which
utilize the zerot"'h order at high efficiency along with one or more higher
orders at relatively low cfficiency.

The foregc 1 definition of high-efficiency gratings encompasses a
wide range of efficic .cy values, including the special (and idealized) case
of 100 percent in a single order. In practice, these gratings usually have
efficiencies exceeding 10 percent in all orders of interest. However, the
converse is not necessarily true, i, e., an efficiency greater than 10 per-
cent does not necessarily signify a high-efficiency grating. This distiaction
is also important from the fabrication standpoint since achieving maximum
efficiency requires relatively decp grooves with good control of the groove
shape and duty cycle; in comparison, the requirements for producing low -
efficiency gratinge are much less critical, (When efficiency uniformity is
impcrtant, some degree of groove shape control may still be necessary for
low-efficiency gratings, but the difficulties are significantly lessened
because of the shallower grooves required,)

The feasibility of designing and fabricating high-efficiency holo-
graphic gratings was demonstrated in connection with Tasks III and IV of
the study, which are documented in Sections 3 and 4, respectively. The

present section is concerned with three conceptual applications of such
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gratings in HEL systems: the holographic grating axicon, the virtual mirror,
and the holograptic grating rhomb, These concepts were illustrated in Fig-
ure 2, They are described briefly below and are analyzed in more detail

in later subsections.

Holographic Grating Axicon

The holographic grating axicon (HGA), shown in Figure 7, is of
interesi as a potential high-power optical component in the resonator of
a high-energy laser, It consists of equally spaced concentric circles
etched onto a flat substrate., The diffracted beam ..om an HGA has
properties very similar to those of a beam reflected or refracted from a
conical optical element, i.e., from an axicon., For example, a matched

pair of these gratings will split a collimated beam axially into an annular

CIRCULAR
- GRATINGS

v ¥ ' A\

PAIR OF HIGH EFFICIENCY CIRCULAR GRATINGS CONVERT
INCIDENT BEAM INTQO ANNULAR BEAM (OR VICE VERSA}

NOTE: GRATINGS HAVE NO CRITICAL AREA ANALOGOUS
TO APEX OF CONICAL MIRROR AND ENTIRE
INCIDENT BEAM IS SPLIT INTO BOTH SIDES OF
ANNULUS

Figure 7, Holographic grating axicon.
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beam, or conversely, will convert an annular beam into a compacted or
solid bearn. These two cases are illustrated in Fignres 7 and 8¢,
respectively; a conventional axicon, constructed from two axial counes, is
also shown for comparison in Figure 8a.

Holographic grating axicons uffer several pctentially significant
advantages over conventional axicons for use as intra-cavity HEL compo-
~nts. First, because the HGA can be fabricated on a tlat substrate, it
ninates a major problem associated with the design of conventional
high power axicons — that of providiryg an adequate flow of coolant in the

vicinity of the tip. In addition, flat elements are generally easier and
less costly to manufacture than conical elements of comparable gquality,
Finally, when used in the cor-bining mode (Figure 8¢), the holog - phic
grating axicon produces a compacted beam containing a complete cverlap
of the annular beam, whereas with a conventional axicon, only limited
mixing occurs, the result of diffractive coupling from the tip. This
property of the '"mixing' HGA produces much greater communication
among all parts of the annular beam, leading, potentially, to improved
mode control,

As an intra-cavity device, the holographic grating axicon also
suffers certain drawbacks, including: (1) wavelength dispersion (potentially
troublesome for multi-wavelength lasers), (2) variation in diffraction

efficiency as the groove orientation changes with respect to the polarization

T

vector of the incident HEL beam, and (3) the phase sensitive nature of the
= mixing HGA when used in the combining mode,

Mixing holographic grating axicons are examined quantitatively in

Section 2,3, Another type of HGA, called the '"non-mixing'' axicon is shown
in Figure 8b, Since this device is optically .'juivalent to a conventional
axicon, it does not provide the desired mixing action and hence was not

investigated in de’ail.
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a. Conventional axicon
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b, '""Non-mixing' grating axicon
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c¢. '""Mixing'' grating axicon

Note: 1, Mixing
2. Beam size change
3, Interference

Figure 8, Types of axicons,
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Virtual Mirror

According to Fundamental Property 3 of Section 2. 1.2, the optical
powers of a nonlinear holographic grating and its substrate are add:-
tive, When a high-efficiency grating is used to concentrate the diffracted
energy into the first (or higher) order, the grating/substrate combination
is called a 'virtual mirror'. A case of particular interest consists of a
high-efficiency holographic grating on a flat substrate, the total optical
power being provided by the grating, A device of this type might serve, for
example, as a virtual primary mirror. This design would offer a potential
cost savings to be realized by using a flat substrate in place of a large
figured primary.,

Since the optical properties of a holographic grating depend primarily
on the groove spacing and are independent ol the grating efficiercy, the
analysis of the primary mirror beam sampler also applies in large measure
to the virtual mirror. A key technical question relating to the viability of
this concept is whether the requisite high efficiency can be achieved in
useful geometrical configurations. From the discussion in Section 2, 3, 3,
the virtual mirror appears to be viable, from an efficiency standpoint,
in an off-axis configuration. However the efficiency with on-axis designs
is limited to about 40 percent because of the presence of strong multiple
orders. On the other hand, off-axis systems have relatively large

aberrations and are also highly dispersive.

Holographic Grating Rhomb

In high-energy laser systems, a conventional plane grating
is often placed in the path of the HEL beam where the bearn diameter
is small. The grating may be used to perfor.n one or both of two
functions: (1) obtaining a low-efficiency sample of the HEL beam, and

(2) permitting the aperture of the main HEL telescope optics to be shared
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with infrared target radiation used for target-loop tracking and phase-
conjugate acaptive optics systems, However, in systems employing multi-
line lasers nr a broad-band target return, the high wavelength dispersion
of the grating must be corrected before performing wavefront tiit and
aberration measurements. This angular dispersion may be corrected by
using a grating rhomb, but ihe angular dispersion at the first grating in
conjunction with the separation between the two gratings results in 2 wave-
length dependent aperture shear (or wander) on the second grating, To
correct both the angular dispersion and aperture shearing effects, dual
grating rhomb configurations may be used. A typical example is shown in
Figure 9. Such configurations contain four gratings which are larger than
the beam diameter and hence lead to large optical assemblies between the
beam sampling (or aperture sharing) grating and the error sensing devices.
In principle, the size of the required optical assembly can be sub-
stantially reduced by substituting holographic gratings for the linear gratings
in the rthomb. A tentative configuration for such a device was conceived
during the study, and preliminary investigation determined that it has suf-
ficient potential to justify a more thorough optical analysis. The holograpkic

grating rhomb concept (which is proprietary) is described in Section 2, 4.3,
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BACK-TO-BACK RHUMB
CONFIGURATION: FOUR
LARGE GRATINGS, NO
WANDER

SAMPLE
WAVE

Figure 9, Dual grating rhomb.,

2.3 OPTICAL DESIGN ANALYSIS

In this section, the optical analyses performed under Task [
(Holographic Grating Conceptual Designs) and Task II (Analytical Investiga-
tions of Conceptual Designs) are described. These investigations included
one low-efficiency concept (holographic grating beam sampler) and three
high-efficiency concepts (holographic grating axicon, virtual mirror, and

HG rhomb). A brief discussion of the major design issues precedes the

detailed analyses.

R




T

o - PR — il o0 e T T T s 2 Sy R T T e e

2,3,1 Optical Design Issues

Each holographic grating concept described in Section 2.2 was
examined analytically to determine the conditions under which it would be

practicable in the appropriite HEL system configuration., For this purpose,

the grating performance was evaluated principally in terms of the aberrations

present in the diffracted beams, computed for a representative range
of design parameters. The results were then utilizec in various ways to
acsess the feasibility of each concept.

For HG beam samplers, the appropriate criterion of feasibility
depends on whether the sample beam is to be used for wavefront control,
LOS control, or both, For wavefront control, the appropriate criterion is
the degree to which the aberrations in the sarnple beam match those in the
main beam, The major design issue in this case is the correction of
aberrations in the sample caused by the holographic grating itself.
Depending on their nature and cause, these aberrations may or may not have
counterparts in the main beam. There are three principal sources of

aberration, which are discussed in Section 2, 3,2:

l, Aberration depeundence on field angle
2, Optical alignment errors

3. Distortions of the holographic grating on the primary mirror

In designs having a very small field of view. such as the 45-degree
beam sampler, the aberrations in the HG itself can be fully corrected,
and this was demonstrated under Task VI of the study. However, in
applications such as beam sampling from the primary mirror, the
aberrations in the grating can change by a large amount over the field
of view of interest (generally a few milliradians), As will be shown in
Section 2, 3,2, this can be overcome through integrated design of the holo-

graphic grating together with other optical elements in the sample beam.
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Aberration differences between the main and sample beams can also
arise because of misalignments of optical elements relative to one another,
Alignment tolerances have therefore been estirated; they indicate that,
for purposes of wavefront control, reasonable tolerances can be established
for the correction of third and higher order aberrations, This is a valid
conclusion since wavefront tilt (or LOS control) is independent of wavefront
control, and range (or focus) information is inherently independent of any
local error-sensing systems.

Lastly, heating of the primary mirror caused by the typically non-
uniform HEL beam intensity profile can cause non-linear distortions of the
holographic grating, which, in turn, give rise to wavefront differences
between the main and sample beams. Both surface warping and in-plane
surface expansions which affect the local grating spacings are of interest.
The effects of surface warping are dependent on the geometry. Analytical
results show that there is an important class of systems in which the sample
beam is diffracted in, or close to, the conditior for retro-diffraction. Feor
this class, surface warping of the mirror either before or after the grating
is applied causes nearly equal aberrations in the main and sample beams.
Hence, correction of the sample wavefront is commensurate with correc-
tion of the main beam, as required for wavefront control. This is an
important conclusion because it implies that wavefront errors caused by
surface warping in all elements up to and including the primary mirror
itself can be corrected by correcting the sample beam. However, this
advantage does not accrue to highly asymmetric systems in which the mag-
nitude of the angle of diffraction is considerably different from the angie
of reflection (or incidence).

For LOS control, a very different situation exists, Here, the basic
requirement is that the centroid, or average direction, of the sample beam

must coincide with the direction of the outgoing main beam to within a
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microradian or less for all beam steering angles (i, e., throughout the

field of view). Two basic problems are then immediately apparent in the
beam sampling concept as depicted in Figure 5, Section 2,2, First, there
is an afocal magnification ratio between the main and sample beams, which
implies the absence of a one-to-one correspondence between the two beams
as a function of the beam steering angle. Second, a small decentration

of the error sensing optics relative to the primary mirror causes a tilt
error in the sample beam which is not present in the main beam, as shown
in Figure 10, The magnitude of this error, referred to target (i.e,, main
beam) space, is the decentration divided by the hologram focal length,

Thus, a l-pm decentration error in a system having a 1-meter hologram
focal length causes a 1-purad angular error. This exceedingly tight positional
requirement cannot be tolerated for LLOS control, particularly in view of

the high vibration environment in which the HEL systems of interest must
generally operate. Solutinrs to the foregoing two issues involve questions

of systems implementation rather than properties of the holographic grating
itself. Several approaches to solving these problems were investigated

and are discussed in Section 2.1 of Volume II, following the main proprietary
concept for LOS control, In other respects, the design issues and effects

of HG distortions tend to be less critical than those for wavefront control

gince only tilt information is needed for LOS control,

GAMPLE
BEAM FOCUS

rE—— ANGULAR
i\ ~ ————— / ERROR

BEAM EXPANDER

OPTICAL AXIS

OPTICAL AXIS
OF DECENTERED
ERRCR SENSOR

® ERROR SENSORJITTER RELATIVE TO PRIMARY MIiRROR CAUSES FALSE JITTER SIGNAL
—1 um TOLERANCE LEVEL

® JITTEROF ALL OTHER ELEMENTS APPEARS iN BOTH MAIN ANO SAMPLE BEAM ACCORDING
TO MAGNIFICATION RATIO

Figure 10, Principal sources of error for beam steering control,
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In the case of the holographic grating axicon, the aberrations in the
diffracted beams were computed as a function of the tilts and mutual decen-
tration of the two holographic elements, These results were then used to
assess the sensitivity of the axicon to such misalignments, An issue of
special importance for the mixing HGA was to evaluate the effects of
combining two coherent, possibly aberrated wavefronts into a single
compacted beam. This issue was analyzed by means of the wavefront
theory of holography, which showed that small errors in the incident
wavefronts result in an intensity mapping of the aberrations, caused by
coherent interference. Another holographic grating axicon issue con-
cerned the question of limiting the possible number of diffracted orders
to aid in achieving high efficiency; this was found to be feasible through
appropriate design of the grating period.

For the holographic grating rhomb, the major design issues involve
correction of aberrations, alignment sensitivity, and wavelength dispersion
for multi-line lasers, These questions were not investigated in detail,

however,

2.3,2 Primary Mirror Beam Sampler

The analyses that were performed to resolve the issues pertaining
to beam sampling from the primary mirror for wavefront control are dis-
cussed in this section, As noted in Section 2,3, 1, these issues are: (1)
aberration differences between the main and sample beams resulting from
field-of-view requirements, (2) element misalignments (tolerances), and
(3) primary mirror distortions. The magnitudes of the aberrations and
tolerances depend on the primary mirror f/number, beam steering angle,
beam expander afocal magnification, and telescope type. A general tradeoff
range for these parameters was established early in the program and is
shown in Table 1, with the added assumption that the beam expander is
designed to have no spherical aberration. This means that the primary

mirror conic constant is an additional variable, the secondary mirror always
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TABLE i. HOLOGRAPHIC BEAM SAMPLING TRADE-QFF RANGES

Parameter Values
Primary Mirror f/Number 0.8 to 4
Beam Steering Angle, mrad 0.5to 4
Beam Expander Magnification 5 and 10
Qutgoing Beam Diameter, m 1.0
Holographic Grating Con- 0.4416
struction Wavelength, pm
Main Beam Wavelength, pm 3.8
Telescope Types Elliptical Primary

Spherical Secondary
Two Cofocal Parabolas

being figured for perfect on-axis imagery in the outgoing wavefront.* For

a nominal starting point, the outgoing beam was assumed to be one meter

in diameter and the laser wavelength 3,8um, yielding a diffraction-limited
beam expander performance of slightly less than 10 prad, The construction
wavelength for the holographic grating lies in the blue region of the spectrum

and is therefore suitable for exposing photoresist,

The optical configurations investigated fall into the following three
categories: (i) on-axis systems, (2) off-axis systems with axi-symmetric
beam sampling, and (3) systems with asymmetric beam sampling (see
Figure 1). Most of the optical design work was performed for on-axia
systems, v-hich are probably the most applicable to HEL systems, being
the least cornplex and least sensitive to alignment errors, Off-axis, axi-
symmetric beam sampling systems are essentially an extension of the
on-axis case to low parent f/number systems used with a decentered aperture
stop. Asymmetric systems present a difficult and lengthy optical design

problem that was addressed only to the extent necessary to gain an

#*The conic constant is a parameter related to the eccentricity, it has
a different value for each of the conic sections (sphere, paraboloid, etc.)
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understanding of the problems involved and the relative magnitude of the

tolerances that must be held,

Optical Design of On-Axis Systems

The following discussions cover (1) the aberrations present in the
holographic grating itself, (2) correction of these aberrations by integrated
design of the HG and error sensing optics, and (3) alignment tolerances

for wavefront control.

Aberrations in the Holographic Grating. The first stage in the

optical design of on-axis systems is to investigate the aberrations of

the holographic grating itself, assuming that the san:ple beam is brought

to a tocus in the vicinity of the secondary mirror. The HG can always b
designed to have no spherical aberratiorns, One way to accomplish this is to
assume identical construction and playback optics., However, this condition
cannot be realized in practice because of the wavelength difference between
construction and playback, and also because both construction beams must
lie on the same side of the mirror. The desired HG focal length, Fy, can be
obtained provided the distances Rl and RZ’ of the construction point sources

from the grating satisfy the equation:

1, (_i 1_)

FH R1 RZ
where p is the ratio of the HG playback to construction wavelengths (refer
to Figure 11),

The relation between R, and R, for a 1-meter aperture, {/1

1
parabolic primary, is shown in the lower curve of Figure 12. The
spherical aberration in the sample beam is also a function of R, and

1
RZ' but the third order aberration goes through a zero which presents
a natural design starting point. However, it is not possible for both
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Figure 11, Hologram constraction point source locations.
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Figure 12. Construction conjugates and
spherical aberration in the sample beam.,
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third and higher order spherical aberration terms to be zero sir-.ultaneously
for any one puir of construction optics conjugates; hence, there is always
some residuzl spherical aberration at the starting point of a holographic
grating design, For an f/]l primary mirror, this on-axis aberration
amounts to about 0,5 mrad. (Figure 13), As the f/number is
increased, the residual aberration decreases rapidly, since the third
and fifth order spherical aberration terms depend on the third and fifth
powers of the aperture, respectively, This spherical aberration is
readily corrected by introducing compensating aberrations into on¢ -
both of the HG construction wavefronts, using an aspheric corrector as
illustrated in Fignre 11,

Next, assuming an HG designed to have no spherical _verration, it
is of interest to investigate the aberrations off the axis, The most dominant
aberration by far is coma, which is a strong function of the shape of the

primary mirror (i.e., spherical, parabolic, elliptical,

SPHERICAL
ABEHRATION, MRAD
A
0.5 =4
¥ \ } $ PUPIL COORDINATE, MM
-500 500
-0.5 -

e F/1 PRIMARY MIRROR
® CAN CORRECT ABLERRATION BY ABERRATING
CONSTRUCTION WAVEFRONTS

Figure 13, Residual spherical aberration at design point.
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The coma in the samiple beam is shown in Figure 14 for a beam

expander comprised of (a) two cofocal parabolas, and (b) a spherical primary

mirror plus a secondary mirro- figured for no spherical aberration i~ the

main beam,

prinary than is present with a parabelic primary.

There is mnuch less coma in the sample beam with a spherical

HHowever, the reverse

situation exists in the main beam, for which two cofocal paraholas are {ree

of the third-order aberrations coma and astigmatism.

An equal amount of coma in both beams is desirable, so that the

aberrations match and wavefront errors can be sensed unambiguously in

the sample beam for zll beam steering angles.

The possibility of matching

the coma in hoth beams by judicious choice of the primary mirror c¢onic

constant was therefore investigated.

The results, shown in Figure 15,

established that such a compromise does not exist: there is an approxi-

mately equal diiference between the comas in the two beams for all primary

mirroi conic constants.

Such a large aberration difference between the two

beams is unuacceptable from the point of view of wavefront control as tne

ANGULAR COMA, MRAD

04

0.3

0.2

0.1

a,

BEAM STEERING
ANGLE, MRAD

PRIMARY F/NO.

Two co-focal parabolas

ANGULAR COMA, MRAD

0.4

0.3

BEAM STEERING
ANGLE, MRAD

PRIMARY F/NO.

b, Spherical primary

Figure 14, Coma in sample beam as a function of primary

f/number and beam steering angle.
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Figure 15, Variaticn of coma with primary mirror conic constant.

beam is steered. The aberration can only be corrected by integrated

design of both the holographic optics and the error sensor optics.,

Integrated Optical Design, Having estzblished that the aberrations

in the “olographic grating are significantly different from those in the main
beam, it was necessary to show that these aberratiors can be balanced by
proper desiyn of the optics setween the HG and the error sensor. For this
stage of the design, it was assumed that the wavefront error sensor (which
may, for example, be a shearing interferometer or a Hartman arrangement)
is perfect, since the relevant issue is to provide the proper input to the
error sensor, and not to design the error sensor itself. There were thus
two requirements to be met. First, the cherrations in the sample beam
must represent the aberrations in the main beam for all beam steerir -
angles. Second, the exit pupil for the optics traversed by the sample

beam must be accessible to the error sensor, so that no aperture wander

can occur as a function of the beam steering ang'e on the sub-aperture
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array of the wavefront error sensor, There are many possible optical
arrangements for accomplishing this, some of which depend on a specific
error sensor configuration, For purposes of the Holographic Grating Study,
two of these concepts were pursued., Although the results are based on
a telescope design of two co-focal parabolas (this design being essen-
tially aberration-free for the main beam), the fzasibility of modifying the
designs for other telescopes (Dal Kirkham, etc.) was also established.
The two concepts investigated are shown in Figure 16, In the
unfolded concept, the sample beam from the holographic grating is focused
in the vicinity of the secondary mirror and is subsequently collimated by
a two-mirror telescope. This telescope also images the primary mirror

(which is the effective aperture stop) at a location which is accessible for

INTERMEDIATE
FOLDING MIRROR

HYPLRBOLIC AT STOP\

MIRROR, HYPERBOLIC FOLDING MIRROR
MIRROR

SAMPLE
SAMPLE . BEAM FROM
BEAM FROM PRIMARY
PRIMARY :
W

SCHMID"
PLATE

IMAGE OF PRIMARY SECONDARY

SECONDARY MIRROR AND STOP MIRROR
MIRROR
HYPERBOLIC
COLLIMATING
MIRROR

a, Unfolded concept. b. Folded concept.

Figure 16. Two integrated design concepts,
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mounting an error sensor. This sensor might consist of a Hartman array
or a mirror that is servo-controlled to subsequently direct the sample
beam in the same direction for all beam steering angles. In the foldeu
concept (Figure 16b), the sample beam passing through a hole in the
secondary mirror is collimated ty a single mirror. The primary mirror
(stop) is imaged on the intermediate folding mirro1, which is servo con-
trolled so that the collimated sample beam does not wander on the error
sensor aperture array, as a function of the beam steering angle.

The design criterion for the aberrations :an be achieved in the
following ways. For each concept the residual spherical aberration (Fig-
ure 13) in the holographic grating can be corrected by a Schmidt p.ate,
either in the playback optics (Figure 16b) or in the hologram construction
optics (Figure 11). The field curvature can be corrected by varying the
curvature of the mirrors in the error sensor optics. In the folded concept,
however, there is only one mirror with power so that field curvature
cannot be corrected without defocusing the beam. For both concepts, the
coma is corrected by varying the conic constants on the mirrors in the
error sensor optics,

The performance of five designs is summarized in Table 2. The
designs are variations of the two concepts discussed abouve, depending on
the mechanism used for correction of spherical aberration. Spherical
aberration and coma are well corrected in all cases. The residual aberra-
tion in the folded design conceptsis the peak error at the edge of the
6-mrad beam steering field-of-view for which they were designed. These
residuals are at a level where they can readily be calibrated out as a
function of the beam steering angle, assuming an appropriate wavefront
correction algorithm is available. In the unfolded concept, the residual

astigmatism and field curvature can also be corrected because of the
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TABLE 2, PERFORMANCE FOR A TYPICAL LINEAR
OBSCURATION LESS THAN 40 PERCENT

Sample
Spherical Beam Exit Pupil Aberration with #3 mr
Aberration Diameter, Location, Beam Steering
Concept Correction cm cm f/No, = 2
Folded Hologram 10.6 20 Field curvature 8 uprad
Astigmatism 2,2 prad
Folded Schmid. 10.6 20 Field curvature 8 prad
Plate Astigmatism 2.2 prad
Unfolded Hologram 10.6 25 No significant
aberrations
Unfolded First mirror 10.6 25 Large, limited to
in error approximately %1
sensor prad beam steering
Unfolded Hologram 17 75 Can be made perfect.

1 prad residuals

additional degrees of freedom available in the twvo-mirror collimating
optics. The last design employs a different afocal magnification (6X as
opposed to 10X) and the exit pupil is located far from the secondary
mirror. This represents an attempt to design a system in which the
sample beam could be folded so that the error sensor could be located
to the side of the telescope, rather than behind the secondary mirror.

The foregoing designs demonstrate that the holographic grating can
be designed in conjunction with the error sensing optics to ensure that
aberrations in the sample beam match those in the main beam over a large

range of beam steering angles. Once this point had been reached in the
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program, the optical design was not carried further hhecause to do so

meaningfully would require a specific system and optical configuration.

Alignment Tolerances for Wavefront Control. The unfolded

concept was investigated to determine alignment tolerances in the
position of the error sensing optics relative to the primary mirror, This
is an important task because in a practica! system, the high vibrational
environment makes these tolerances the most difficult to hold, The
error sensing optics are relatively compact, and errors caused by

static misalignments can be largely accommodated by calibrating the
error sensor,

The dominant aberration produced by the misalignment of the
error sensing optics is coma. As a crude tolerance criterion, the
amount of misalignment producing a maximum angular error of 10 prad
referred to target space was computed. Since this corresponds to the
extremes of a coma flare, it is roughly equivalent to maintaining a
diffraction-limited system for a 1-meter aperture and the 3, 8-um wave-
length assumed for the analysis. Results of the tolerancing are shown
in Figures 17 and 18 which show the allowable tolerance as a function of
the primary mirror f/number. For practical purmoses, the allowable
tolerance can be scaled linearly with the angular requirement. It is
clear that decentration in the regime of tens of microns, and tilts in
the regime of 0.5 to 2 .nvad must be maintained for fairly fast optical
systems. Although thi v¢ tolerances are not loose, neither are they
considered too stringent to be held in a practical system.

Tolerances on the alignment of other elements in the system were
also investigated, but found to be less stringent than those given above for the
errnr sengor relative to the primary mirror,

In laser applications the beam is generally not collimated (focused
at infinity) but is focused instead at a finite distance., Variations in the

focal distance can be accomplished by changing the distance between
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the secondary and primary of the beam expander. In this study the beam

sampler was designed to be aberration-free for a collimated beam, The

nffects of range variations on the sample beam were therefore investigated,

The result of this investigation was that the angular errors in the sample
beam are the same as those of the main beam scaled by the magnification,
and optical path differences in both beams are the same. Two important
implications of this are evidert: (1) wavefront error sensing can be per-
formed unambiguously regardless of range, and (2) range variation can, in
principal, be accomplished by programmed control of the sample beam,
though this may not necessarily be the best alternative from the point of

view of HEIL, systems implementation,

Off-Axis Systems with Axi-Symmetric Sampling

Off-axis systems with axi-symmetric beam sampling, as in Figure 19,

are extensions of the on-axis systems discussed above, They essentially

&

T~
.x_.OPTICAL

AXIS

Figure 19, Off-axis system
with axi-symmetric beam
sampling.
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involve extracting an off-axis portion of the on-axis system and scaling
the desired dimensions to restore the original one-meter aperture. How-
ever, to maintain the same primary-to-secondary mirror separation as
well, the parent f/number of the primary mirror must be decreased by a

factor of about 2,5, For an {/2 system, the parent primary f/number

therefore becomes 0.76. As a consequence, the amount of aberration
correction required increascs dramatically, and the tolerances that must
be held are more stringent by about a factor of three, as shown in
Figures 17 and 18,

An example of the typical aberrations observed in these systems is
shown in Figure 20. These aberrations are mainly higher order spherical,
(The very large peak at the aperture edge is caused by the rapid increase
of high-order spherical aberration with aperture,) Such aberrations

can be corrected readily by the use of high-order aspheric coefficients in
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Figure 20, The on-axis aberrations of the parent telescope.
The section to be used for the off-axis system is indicated.
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the hologram construction optics; however, Figure 20 indicates that up to
11th order correction is required. In view of this and the tight tolerance
constraints, only overriding systems requirements would justify an off-axis
system in preference to the on-axis designs discussed previously, Having
established the relative complexity of off-axis systems, no further design
work was pursued., Nevertheless, there is no question that computer designs
of these systems can be generated with well-corrected aberrations over a

significant range of beam stesering angles.
On-Axis Systems with Asymmetric Sampling

This concept involves constructing the holographic grating to focus
the sample beam off-axis while the main telescope is an on-axis system as
in Figure 21. An illustrative construction geometry for the concept is
shown in Figure 22. In constructing the holographic grating with spherical

wavefronts, there is a family of conetruction optice configurations for which

SAMPLE BEAM

MAIN BEAM

Figure 21. On-axis system with off-axis
beam sampling,
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Figure 22. Hologram construction point source locations.

a) Rl and R2 can be selected to give the desired focal length, and b) @ and
p can be selected to give the desired off-axis angle, @,, according to the
grating equation. From this family of systems, it is desirable to select
pairs of the parameters (Rl, Rz) and (a, B) that minimize the aberrations
in the holographic gratings, With this as a starting point, the aberrations
in the HG can then be further reduced by introducing appropriate aberrations
into the two hologram construction wavefronts., Finally, the correction of
aberrations throughout the field of view requires an integrated design of
the HG and error sensing optics together.

To assess the complexity of the design task, the aberrations in
the holographic grating were investigated for a beam expander with
an f/2 primary mirror and an HG focal length of 1770 mm. Because
the sample beam optical system is no longer rotationally symmetric,
asymmetrical aberrations arise for the central field point. The dominant
aberrations are coma in the plane of asymmetry, spherical aberration in

both planes, astigmatism, and a skew aberration (DY) which arises fur fans
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of rays traced out of the plane of asymmetry, These aberrations in the
sample beam at the focus of the holographic element are shown in Figure 23
as a function of the angle a and the construction optics conjugate distance
Rl (see Figure 22)., To convert the aberrations into angles, divide the
linear aberration by the HG focal length, f = 1770 mm. There is no single
pair of values of R, and « for which all the aberrations are zero. How-
ever, the aberrations in the plane of asymmetry go through a minimum
around 'R, ='3373 mm and o = 8,75 degrees. Since there is no equivalent
position in the plane of syinmetry, this presents itself as a natural starting
point for an integrated design, Aberrations in the plane of symmetry can

be minimized by introducing into the construction beams cylindrical lenses

having optical power in the x-direction, This has the effect of changing the
conjugates (R, and R,) in the plane of symmetry while preservingea , p and
the original conjugates in the y-z plane. The resulting construction optics
are shown in Figure 24, The remaining aberrations at the central field ’
point for an /2 primary are shown in Figure 25.
At this stage, it is clear that significant aberrations are still prercnt
even at the central field point. To go further is a lengthy, complex optical
design task involving other elements to aberrate the hologram construction
beams and design together with some form of error sensing optics. How-
---- he tolerance sensitivity of the concept to alignment errors of the
error sensing optics with respect to the HG can also be assessed by computing
the variation in the aberrations with field angle. The field aberrations
shown in Figure 25 assume that the HG is so constructed that no aberration
is present at the central field point. Since the beam steering angle is
directly proportional to the image height in the HG focal surface, these
curves can be used to estimate a decentration tolerance for the error sensing
optics relative to the primary mirrnr. The results, shown in Figure 26,
indicate that for decentration in the plane of symmetry, the tolerance is
similar to that for on-axis systems, However, the tolerances are approxi-

mately three times tighter for a decentration in the plane of asymmetry,
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Figure 23, Hologram aberrations versus the angle «
and conjugate distances,
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Figure 24, Hologram construction optics at the chosen design point.
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The aberrations to be corrected in an asyminetric beam sampling
geometry have been shown to be large. With sufficient design effort, they
can be corrected for at least a small range of beam steering angles.
However, the design task is considerably more complex and correspondingly
longer than for on-axis sampling. In addition, this approach has little advantage
over the axisymmetric case; the sample beam is more conveniently located for
packaging, but the design approa:h is more sensitive to misalignments and
has other'undesirable characteristics such as non-rotationally-symmetr.c
distortions, The first order of distortion is rectangular (or anamarphic)
and produces different values of magnification for the same field of view
in each of the two perpendicular directions., ¥or the intermediate image
formed by the hologram this distortion is approximately 4 percent, This
is not a negligible value for precision LOS control and would have a
significant effect when such a system is used for beam steering, This
effect will not be easy to eliminate in the integrated design of the error

sensor optics.

2.3.3 Wavefront Errors Due to Qurface Distortions

The effects of primary mirror distortions introduced a) preceding
construction of the hologram, and b) following construction of the hologram,
were investigated. In each case, both in-planc and out-of-plane distortions
were studied. The results show that out-of-plane distortions (surface
warping) affect both the main beam and the sample beam, and that the
difference between the aberrations in the two beams can be very small
so that correction of the sample beam is then commensurate with correction
of the main beam. In-plane grating distortions, however, affect only the
sample beam. Simulations performed for the Holographic Grating Study
and another program indicate that the residual aberrations due to in-plane
grating distortions are acceptably low for wavefront control.

The fact that out-of-plane distortions affect the main and sample
beams tu an alniost equal degree in favorable geometries is an unexpected
result which has far-reaching implications, The geometries of interest
are those in which the sample beam is retro-diffracted, or nearly so

(i.e., the diffracted beam returns along the optical path of the incident
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beam), Systems that eirnploy on-axis beam sampling from the primary
mirror constitute an important class of design configurations in which the
The

practical significance of these systems is that correction of the sample

sample beam geometry is close to the condition of retro-diffraction.

beam by means of adaptive optics corrects for all errors in the HEL beam
up to and including out-of-plane distortions on the primary mirror. A
corollary to this is that the prin-ary mirror need not be of high optical
quality, provided that an ideal HG can be fabricated on it (see Figure 27),

Thus, correction of errors in the sample beam arising from errors
in the primary mirror figure' results in correction of the correspondin,
errors in the main beam., This conclusion suggests that siguificant
potential exists for reducing the time and expense of {fabricating large
primary mirrors for HEL applications,

The extent to which out-of-plane distortions can be corrected
depends on the hoiog raphic grating geometry, and is discussed below on
a first-order analyiical basis, This is followed by the results of a

detailed computer modeling of playback with the primary mirror deformed

PRIMARY MINROR WITH —_ POOR SYSTEM

POOR OPTICAL FIGURE - PERFORMANCE  MAIN BEAM
ABERRATED
. WAVEFRONT
PN g -
PRIMARY MIRROR IDEAL 2
WITHPOOR OPTICAL  +  HOLOGRAPHIC GOOD SYSTEM
FIGURE GRATING PERFORMANCE  MAIN BEAM
| 7~
i N T u-o
1y e | ABERRATION-
I 1 > > P ||| FRee
VA e | | wavEFRONT
W =" 111>
> 111
DEFORMABLE
MIRROR
Figure 27, In certain classes of systems, good optical

performance can be obtained with a poor primary
mirror figure by correcting the sample wavefront
obtained via an ideal HG on the primary,
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a) before and b) after making the hologram, The detailed modeling
recuires the capability of tracing rays through a deformed holographic
element. The technique used was developed at Hughes on company funds
and 18 not detailed in this report. This technique is entirely different
from and more precise than that indicated in the first-order analysis
given below, However, the results obtained from the detailed model
agree with the first-order predictions to a high degree of precision,
lending credence to the statements made above. The technique used for
ray tracing and computing OPDs through distorted holograms assumes that
the coordinates (xd, Y4’ zd) of a point on the distorted hologram are
mathematically related to the coordinates (xu, Yo' zu) of a point on the

undistorted hologram through the relationships

b
1]

d xu +AXx (xu,yu)

It

y, ey (x,y)

1

zy zu tAz (xu,yu)

The functions that are available for defining the distortion parameters
Ax,Ay, and Az are a 48-term Zernike polynomial, which contains both
symmetric and asymmetric terms, a 24-term Rn pelynomial, and an
asymmetric Gaussian term. Note that the hologram is not considered to
be distorted unless the surfa : has undergone 2 change in shape or size
between hologram exposure and playback. This distortion may be due to
changes in temperature, laser beam heating effects, or processing defects
such as a non-uniform thickness of photoresist, The consequence of the

latter effect is addressed at the end of this sub-section.

First-Order Effects of OQut-of-Plane Distortion

The OPD error introduced by an out-of-plane distortion such as a
bump of height h on the surface is readily seen by examining the projections
0. the bump in the directions of incidence and diffraction, Incident and
diffracted wavefronts to be used for reference in OPD calculations are

shown in Figure 28. Point A is directly above point C so that the phase
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Figure 28. OPD error caused by out-of-plane distortion.

contribution due to the point of incidence on a given grating groove is
the same for both A and C  The OPD error for ray 1, produced by the
bump, and measured relative to ray 2 (diffracted from the undistorted

grating), is thus:

OPD

H

BC + CD

h (cosd + cos ¢2)

This is simply the sum of the projections of the bump in the
directions of incidence and diffraction, respectively. The following

relations apply to reflection and retro-diffraction:

Reflection: OPD = 2h cos ¢1 (¢l = ¢2)
Retro-diffraction: OPD =

2h COB¢1 (¢l = ’¢z)

This result leads naturally to the conclusion that, in the condition

of retro-diffraction, out-of-plane distortions are mapped equally into
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both the sample and main beams, as desired. Departure from this

condition leads to a wavefront error difference between the main and

sample beams which is determined by the magnitude of h(cos ¢; - cos ¢;).
The error is small in on-axis beam-sampling systems where the sample
beam is close to the condition of retro-diffraction, However, the error
may become quite iarge in highly asymmetric systems such as on-axis
telescopes with off-axis beam sampling.

A somewhat different line of argument must be used to understand
the conditions under which a sample beam from an ideal HG fabricated
on a poor quality mirror can be used to improve the quality of the main
beam. In this case, special care is required to ensure that the grating
grooves are placed in precisely the correct positions on the surface.
The grating groove positions are determined by the interference fringes
produced by the two construction wavefronts. In three-space, these
fringes hisect the angles of incidence between the two construction
wavefronts, When the two construction beams are incident at equal but
opposite angles from the normal, the local fringe planes are perpendicular
to the surface so that an out-of-plane surface error does not affect the
location of the fringe on the surface (Figure 29). Conversely, if the
fringe planes are oblique to the surface, an out-of-plane distortion gives
rise to an error in the fringe location. Hence, it is desirable to work with
construction geometries in which the fringe planes are approximately
normal to the surface. This condition is a general feature of on-axis
beam sampling systems and makes it possible to achieve a high degree
of correction to compensate for primary mirror distcrtions in sucn
systems, However, this condition is not necessarily true for highly
asymmetric geometries, in which only a relatively small improvement is

generally possible,

Computer Modeling with Deformed Construction

The aberrations in the main and sample beams have been modeled
in computer simulations assuming that the primary mirror has been
deformed before fabricatiry the hologram. The case modeled pertains

to an f/1, l-meter diameter parabolic mirror used in an on-axis
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Figure 29. Effect of out-of-plane distortion prior
to hologram fabrication,
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configuration with on-axis beam sampling, The same deformation of the
primary mirror is assumed to be ~resent on playback, this being the case
of a poor quality primary mirror. In general, the mirror figure error
can have any form, However, for simplicity, the following Gaussian
deformation was assumed:

Az = 1.25x 10" 'p 2 exp(-4 x 107 pz)

= mirror radial coordinate,

The deformation shown in Figure 30 is more than 15 pm. Without
correction of the sample beam, the aberrations in the main beam exceed
70 prad and are virtually identical to the aberrations in the sample beam,
taking into account the afocal magnification, M, between the outgoing
beam and the wavefront error sensor, In this example, the sample
beam is collimated by the error sensing optics, with a magnification of
about 5,6, After correcting the sample beam, the residual error is
equal to the difference between the aberration in the sample beam,
divided by M, and the aberration in the main beam. As shown in
Figure 30, this residual has a maximum value of about 0.5 prad.

This result demonstrates that the permissable tolerance in the

primary mirror figure can be considerably relaxed if wavefront error

sensing and correction are conducted in the manner described. The result also

verifies the firet-order theory discussed earlier, and shows that the
relaxation in the tolerances can, in favorable geometries, be as large as

two orders of magnitude (e.g., a 70 prad error is reduced to 0.5 prad),
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e ABERRATIONS DUE TO DISTORTIONS ON THE PRIMARY MIRROR
DURING HOLOGRAM CONSTRUCTION ARE SIGNIFICANTLY
REDUCED BY CORRECTING THE SAMPLE WAVEFRONT
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Figure 30, Playback with deformed construction,

Comiputer Modeling with Deformation on Playback

Outgoing-beam aberrations due to distortions introduced after con-
struction of the hologram can be reduced to some extent, but not entirely
eliminated, by correcting the sample beam. A limit exists to the distortions

that can be tolerated, The distortion is modeled as follows:

Az = 1,25 x 10_7p2exp(-4x 10-69 Z)
-4 -6 2

Ax = 1.0x 10 xexp(-4x10 "p7)

Ay = 1.0x 10'4yexp(-4x 10'6p2)

The residual aberrations in the outgoing beam, after wavefront correction
of the sample beam, are as showh in Figure 31, The aberrations depend
on both the magnitude and slope of the surface deformation. The contribu-

tion due to out-of-plane distortion is small since the aberrations appear
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® THERE IS A LIMIT TO THE OISTORTIONS THAT CAN BE
TOLERATED AFTER HOLOGRAM CONSTRUCTION
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Figure 31, Deformed primary on playback,

in both beams and a favorable cn-axis geometry was assumed, The residual
aberrations due to the in-plane distortion are larger since there is no
corresponding aberration in the outgoing beam, The in-plane and out-of-
plane distortions can be considered independently and the resulting aberrations
added together.

A second type of distortion considered was a curvature change of
the primary mirror where the resulting in-plane distortions were assumed
to be produced by simple bending of a flat plate.

This distortion can be represented by

Az = AZC (x2+y2)
_ tAc
Ax = - > X
tdc
Ay = -5 Y
58
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where
Ac = curvature change
t = mirror thickness = D/12
D = mirror diameter
E The effect of this distortion for a 0, 1 percent curvature change is
| shown as a function of f-number in Figure 32, Increasing or decreasing
the percentage curvature change varies the distortions linearly, with
unity slope. The basic conclusions are
1. The aberrations increase with decreasing f-number
2. There is a significant correction at large f-numbers.
3. Degraded performance due to overcorrection will occur
for f-numbers somewhat less than !,
i Correlation with NPT Primary Mirror Distortions
Although the foregoing simulations illustrate the mechanisms

involved, they provide no information about the basic level of the residual

aberrations that can be expected in an actual system. The magnitude of

the residual depends on the type and magnitude of the distortion involved.
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Figure 32. Aberrations due to curvature change.
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Each of these parameters depends, in turn, on the HEL intensity
distribution, and on the absorbed power, mirror design, mirror materials,
and other factors. Hence, detailed modeling is required for each specific
system to quantify the residual aberrations, Nevertheless, an attempt

was made to correlate the effects of the distortions with laser power by
making use of extensive data available from the Hughes Navy Pointer
Tracker (NPT) system. The results of this effort are described in the
following paragraphs.

In the Hughes computer simulation model of a pointing and tracking
system for a high-energy laser, the distortion-induced optical path
difference (OPD) for each laser mirror is the sum of OPDs due to
temperature gradients in the mirror and to pressure differences associated
with the flow of coolant fluid within the backup and supporting structures.
The model describes out-of-plane distortions by means of empirically
derived equations, However, little information is available concerning
the in-plane distortions; the existing information has been used to deduce
an expression for the in-plane primary mireor distortions for this study.

The cuoled metal primary mirror is best characterized by backup
distortions; that is, the pressure and beamn-mapping distortions are quite
small compared to the backup bending distortions. The out-of-plane

distortion for the primary mirror is described by the following equation:

2 2 2
Az - A (xy),  3.356 x 10" %pa (%93) (;-‘) [1 ] (‘;E) ({ﬁ—‘;-) ]fl(t)

where:

fl(t) = 3,67x lOmzt exp (1 - 3.66 x IO-Zt)
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A(X.y)B

k

k

Optical path difference, cm

Input beam power, watts

Mirror absorptance = 0. 0l

Coolant flow = 1262 gm/sec

Beam radius = 50 cm

R/z for NACL and GDL input beams

0 for Gaussian and uniform beams

It should be noted that for k = 0, this distortion corresponds to a

change in curvature and hence can be represented by the distortion

computations given in the previous subsection.

The only in-plane distortion investigation conducted in the NPT

study was done for the secondary mirror,

Following an examination of

this data, it was concluded that the in-plane distortions of the primary

mirror could be adequately represented by the equction for the out-of-plane

distortions provided that the constant term were neglected.

assumed values of ¢ , G, and R this leads to
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An analysis was conducted using Equation 4 for various f-numbers
at 5 megawatts of laser power and also as a function of power for an f/2

primary. The results of this analysis are shown in Tigure 33,

For an uncooled ultra-low-expansion (ULE) glass primary mirror,
the magnitude of the distortion is low compared to that of a cooled metal
primary. As indicated in Figure 33 it is believed that the aberrations due
to the ULE mirrcr will be at least one order of magnitude smaller than
those associated with the cooled primary.

These results must not be taken too literally because they are very
preliminary in nature and can be expected to vary greatly among different
designs. The validity of the assumptions concerning the type and magnitude
of the distortions (particularly the in-plane distortions) also remains to
be fully establisned.

It should also be noted that the residual aberration in this nmodel is
comprised almost entirely of focus error, This arises naturally from the
assumptions made concerning the nature of the distortion, However, the
sample beam is not used for controlling focus errors since range information
is not ordinarily utilized in a local-loop error sensing system, It may then
be concluded that for the control of higher order aberrations, the residual
errors due to grating distortions on the primary mirror are acceptably
small,

More recently, additional simulations were performed for another
program. These simulations are much more detailed in that they assume
a typical HEL beam .atensity profile incident on the primary mirror, and
the in-plane distortions are obtained by superimposing the effects of each
element of surface area on all other elements in the mirror surface. Full
details of the simulations will not be given here. However, it may be
noted that the results showed residual main beam errors of less than
l prad in a system having a diffraction limit of about 40 prad. It is
therefore corcluded, particularly for on-axis systems, that primary
mirror distortions do not result in excessive residual wavefront errors

when holographic beam sampling from the primary mirror is employed.
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Figure 33, Aberration versus power due to distortion
of cooled metal mirror,

Photoresist Thickness Variations

Another potential source of wavefront aberration in the sample

beam is the photoresist thickness variation that is likely to cccur during
fabricstion of a grating for a large primary mirror. A mathematical
analysis of this problem leads to the conclusion that variations in the

photoresist thickness as large as 0.5 pm can be tolerated from the point

of view ¢! wavefront quality., From the point of view of efficiency and grcove
depth, a r ore stringent tolerance in resist thickness variations may be
necessary, A first-order analytical approach estimating the effects of
resist thickness variations on the aberrations that occur on playback is
given below,

As see1 from Figure 34, the change A¢ in the phase difference
between the tw¢ incident wavefronts corresponding to a variation A z in

the photoresist :hickness is given, to first order in Az, by the expression

L A
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Figure 34, Geometry for photoresist variation calculation;
Az is assumed thickness chang:.

A¢=—%\-C1 Az (cosa - 208 fB)

where @ and B are the angles from the point scurces to the point in
question on the mirror,

The corresponding fringe shift Ad is ;iven by

Ad:.‘i,?_d’:-;\‘-i—-Az(cos a - cosfB) (5)
c

where d is the fringe spacing,
An expression for the ray angular aberration A8 can be obtained

by diffe rentiating the diffraction equation to yield
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Ap [8d) 1
- _Brody 6
a8 - 4 (d)cosed )

where 6d = (Adl -A dZ)’ Gd i3 the diftraction angle, )\p is the playback
wavelength and Adl and Ad2 are the shifts of two adjacent fringes, By

substituting Equation 5 in Equation 6, the at ~rration is founcd to be

A
__.Pp__mm " . 7
A9 = —)\C Yy - (cos a cos B) (7)

where m = (Azl - Azz)/d is the local slope nf the photoresist thickness
variation, In the foregoing equations, second and higher order terms in the

variables (Az, etc,) have been neglected,

Fors a l-meter diameter f/2 v rimary mirror with on-axis
construction sources at distances ot 2.93m and 2. 44m, Equations 5 and 7

are given approximately by

ad - 2 Az (2,57 x 1678 42 (8)
C
\ .

40 - B 557 « 1078 2 (9)
XC cos Gd

where r is the radial distance to the speciiied point on the mirror in
millimeters, The appropriate parameter values are: Ap = 3.8 um,

Ac = 0.4416 pm, r =500 mm, Az = 0.5 um, m=0.5x 1074 (i.e., a

0.5 pm change in Az over a 10-mm radius), and a° 45 degrees,
Substituting these values into Equations 8 and 9 gives Ad = 0.0073d
andA8 @ =3,9 prad, This value of A8 is within the diffraction iimit of the
primary mirror, The 0.5-pm variation in Az assumed is believed to be
realizable experimentally; therefore, in terms of aberrations (A8), the
photoresist thickness variation should present little difficuity for wavefront
samnling on mirrors up to 1 meter in diameter. Due to the r2 dependence

of Af, a tighter tolerance on m will have to be established.
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2.3.4 Holographic Grating Axicon

As discussed in Section 2, 2,2, the holographic grating axicon (HGA)
shown in Figure 35 offers two important potential advantages over a
reflective axicon, First, since it has uo tip, the HGA avoids the serious
difficulties that arise in fabricating and cooling the tip of 2 high-power
reflective axicon, Second, when used in an HEL resonator, the HGA,
in principle, sustains full phase correlation around the cylindrical cross
section of the gain medium. In contrast, a reflective axicon used for the
same purpose can provide the desired mixing action only in a small region

around its tip.

Yy

Y Y

N

a, The conventional axicon

Op HOLOGRAPHIC
. ~—) ™  GRATINGS
ANNULAR
BEAM e a

b. The hologruphic axicon

Figure 35, Illustrative holographic axicon playback geometries.
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The analytical investigation of the holographic axicon concept covered

the following aspects: (1) the first-order design relationships, (2) the

permissible tolerances on alignment of a matched pair oi HGA elements,

(3) interference effects, and (4) high-éfficiency requirements and computations,

These topics are discussed in the following paragraphs.

First-Order Design Relationships

Illustrative examples of the optics necessary to construct the outer
and inner elements of a holographic grating axicon are shown in Figure 36,
To record the desired interference pattern between the plane and conical
waveironts, it was assumed that conventional (reflective) axicons would be

used in the path of one hologram construction beam. The construction

geometries shown in Figure 36 are long in comparison with the playback
geometries because of the large wavelength differences between the

consiruction (0.4416 pm) and playback (3.8 um) beams, representing a

wavelength scaling ratio of 8.61, However, because the diameter of the

inner element is equal to the width of one side of the outer element, its
construction geometry can be half as long, Figure 36b also indicates that
a recording at the very center of the inner element may not be feasible

because of high intensity difficulties in this region. The appropriate

equations relating the parameters shown in Figures 35 and 36 are:

. d 4
zp = -,-z-(m - l)cotep

>
zc b dcoltec

s'mep - sinf .
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b. The inner element.

Tigure 36, Iliustrative holographic axicon
construction geometries.
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where the subscripts ¢ and p refer to the con:truction and playback geome-
tries respectively, s is the grating spacing and m is the beam magnification
of the axicon, An illustrative set of axicon design parameters is given in
Table 3. Due to the large wavelength difference between construction and
playback, the construction optics for the outer element must be mcre than

6 times longer than the playback geometry. The computational data given
below pertains to this design example.

In order to minimize radiation losses into higher orders of diffraction,

it is desirable to construct the axicon in such a way that the grating spacing

is beyond the cutoff for as many diffraction orders as possible outside

those of interest, The grating equation is:
q N\ = s(sinel-sinez) (10)

where q'is the order and 6 |, 6, are the angles of incidence and diffraction,

“

respectively, In the axicon geometries, 8 , = 0 and 6, = 6 _ in the first
order of diffraction, It is then clear that, provided 6 _is greater than
30 degrees, Equation 10 can be satisfied only for the -1, 0 and +1 orders of

diffraction, for a wave incident normally to the first element. For the wave

incident on the inner element from the outer element, only orders 0, 1 and
2 can exist, Thus, for 8 _ > 30 degrees, radiation can be diffracted into
at most three orders, which should ease the problem of obtaining high
diffraction efficiency in the orders of interest., This condition is satisfied

in the design example given in Table 3,for which & _ =45 degrees.

1
E
|

Alignment Sensitivity Analysis

TR

Preliminary computer investigations of the sensitivity of the axicon
design (Table 3) to tilts and decentrations of the two elements relative to one

another were performed. The investigations were based on geometrical

ray-tracing of the axicon in the reverse direction for ease of computer

simulation (Figure 37), The aberrations are the same regardless
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TABLE 3. HOLGCGRAPHIC AXICON DESIGN EXAMP LE

Design Characteristic Value
- s e D
. Beam magnification, m = "y 5
P
%’ Construction wavelength, pm 0.4416
g Playback wavelength, pm 3.8
E Construction cone angle, degrees 4,713
£
E Playback one angle, degrees 45
é Grating spacing, pm 5.374
' Axicon length, ratio, zp/d 2
Construction optics length ratio, z(_/d 12,13
Note: d = Beam diameter at inner element
D = Beam diameter at outer element

of direction because angular relationships are conserved through
the axicon. In the simulation, the order q = 1 on the inner grating
was chosen to generate the outgoing beams, as shown in Figure 37,
The +1 order iorms the outer annulus c. the outgoing wave and the -1 order
forms the inner annulus. This is true because the grating vector must
change continuously and therefore rotates around the center of the inner
element in accordance with the circular fringe pattern, The results are
presented for d = 1 meter and m = 5; the aberrations for any other value
of d may be determined by scaling the distances linearly while maintaining
all angular relationships.

The aberrations are all presented in terms of angular ray deviations
in image space with respect to the reference ray. Tha latter is the ray
from the specified object point through the center of the entrance pupil

(Figure 37a), Unless otherwise noted, the object is an axial point at infinity,
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b, Path of rays for q = -1 on inner grating.

Figure 37. Configuration used in holographic
axicon aberration examination,
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These aberrations are not readily identifiable according to the usual
terminology; therefore, geometrical aberration curves are provided.
These curves are determined by tracing ray fans as illustrated in Figure 38,
A fan cf rays is a group of rays starting at an object point and incident
on the entrance pupil in a line as illustrated. The fan is referred to as
a YFAN if the line on the entrance pupil is parallel to the y-axis, and
similarly for an XFAN,., For a given fan, the geometrical aberration curve
is plotted with the pupil dimension as the abscissa and the aberrations as
the ordinate.

The tilts and decentrations that produce angular aberrations in the

beam are:

1. A rotation of the inner grating about any axis in the x-y plane,

2, A displacement or cdecentration of either grating in the x-y
plane. The effect of displacing one is equivalent to displacing
the other,

Since the gratings are rotationally symimetric, the rotations were
taken about the x-axis and the decentrations were taken in the v-direction,
Plots of the maximum aberration as a function of the relative tilt and
decentration of the inner and outer grating are shown in Figures 39a and
39b, respectively, while plots of th. angular aberrations with respect to the

position of the ray on the entrance pupil are shown in Figures 40 and 41,

Y FAN

REFERENCE RAY

Y

L L
:

} &= OFFSET

OFFSET X i'AN

ENTRANCE PUPIL

Figure 38, A fan of rays is a group of rays starting at an object
point and incident on the entrance pupil in a line as illustrated.
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a. Tilt of inner grating, millirad.
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Figure 39, Maximum angular aberration due to
misalignment of inner or outer grating.
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MILLIRADIAN

MILLIRADIAN

—n wve e QORDER = +1
—— ORDER = -1
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-1 0 1.0

RELATIVE APERTURE

a. No offset,

1.0
D e s OHDER. -4
————— ORDER = ¢+1
05 P~
OXA
0
-08 -
~-_———_'— \-————_—-‘
-1.0
=9 (] 1.0

RELATIVE APERTURE

b. 5-cm Offset

Figure 40, XFAN aberrations introduced by a 2-mm
decentration of either grating (DYA is angular aberration
in the y-z plane, DXA is aberration in x-y plane).
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b, 5-cm offset.
Figure 41, XFAN aberrations introduced by
l mrad tilt on inner grating (DYA is angular

aberration in the y-z plane and DXA is
aberration in the x-z plane), See Figure 38.
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The aberrations introduced by tilting the entire axicon about any axis in

the x -y plane are shown in Figure 42,

MILLIRADIAN

MILLIRADIAN

8
6 b
4 -
2P
A 1 |
0 1 2 3 4
MILLIRADIAN TILT OF AXICON
a. Maximum aberration versus tilt.
2
e eme =me ORDER = +1
——— ORDER = -1
1 -
DXA

0
-1 P

P,

‘----__— ‘—__———‘
DYA

-2 ——

-1 0 1

RELATIVE APERTURE

b, XFAN aberration at l-mrad tilt (no offset).

Figure 42, Aberrations introduced by tilting
axicon (DYA is angular aberration in y-z plane
and DXA is aberration in x-2z plane).
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The aberrations shown can be understood by close examination of
the grating vector., Consider, for example, the case of a 2-mm decentra-
tion along the y-axis of the inner grating. The functional behavior of the
grating vector, q, for a fan of rays along the x-axis is shown in Figure 43a,
Note the change in the direction of the grating vector for small and large x;
this leads to an almost abrupt transition in the gecmetrical aberrations, as
shown in Figure 40b for the case when x = 0. The ray entering at the full
x -aperture leaves the inner grating (q = 1) at an angle of about 4 mrad in
the y-z plane, since the angle between q and the x-axis is also about 4 mrad.
This angle is then reduced by a factor of 4,25 upon diffraction from the
outer grating; hence, the full-aperture aberration is as shown in Figure 40a,
Since q has not changed from the original undeformed system along the
y-axis, there are no aberrations for rays passing through the axis, The
functional behavior of @ for the offset x-axis fan abe rration curve is shown
in Figuve 43b. Note that q changes direction much less rapidly with
relative aperture; this leads to the curve in Figure 40b,

The aberrations produced by decentering the outer grating can be
understood in a similar fashion, Such aberrations are given approximately
Yby the change of the q vector. For the plot in Figure 40a, this change is
0.002/d where d is the distance from the optical axis at which the ray
intersects the outer grating. In this case the transition shown in
Figure 40b is quite abrupt.

Except for a region very nc:ar the origin, the aberration curves
resulting from decentrations of the inner and outer gratings are identical,
This is to be expected since there is no n.eaningful way to distinguish the
two cases. In the model, the distinguishing feature is tite definition of
the reference ray,

The other aberration curves are not interpreted here, but an
understanding of them can be gained by examining the behavior of the grating
vector, q. The aberration curv:s and the interpretation given above are
preliminary in nature, Further interpretations and computational results
need to be examined to fully assess the behavior of the holographic grating
axicon in relation to its potential application as an elemant of a laser

resonator,
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a, For a fan of rays traced on the x-axis (y = 0)
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b, For an offset fan of rays,

Figure 43, Behavior of grating vector, g, for 2-mm

decentration of the inner element. @ , @ , and @
represent direction of G.
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Interference Effects

When an HGA is used in conjunction with a laser beam (as part
of a laser cavity, for example), a wave incident on the outer element may
be combined in piecewise fashion, with diametrically opposite parts of

itself at the inner element. Since both parts are mutually coherent,

! it is of interest to investigate the resultant wavefront combination from
the standpoint of wavefront theory and interference. A discussion of some
preliminary analysis along these lines is given below.

-Considered from the standpoint of the wavefront theory of holegraphy,
the inner element at which the beams are mixed is a series of concentric
rings corresponding to the interference pattern generated by the two
construction beams in the plane of the element, Assuming a sinusoidal

fringe pattern, the grating function recorded may be expressed as

bt

G{(r)x A + 2B cos (k r sin ep)

where
A, B = constants
_ .2 2.1/2 . . .
r = (x +y) is the radial coordinate in the plane of the
grating.

k = Zv/)\p
' Bp = angle of incidence of beam on playback
3

Expanding G(r) into its exponential form,

-

g(r) = A +B [elkr smep + e-lkr sin ep]

On playback, the grating is illuminated with a conical wavefront which

can be represented mathematically by the expression

U = Uz') = eikr' sin @' + e-ikr' sin @'

I

e AT
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The wavefronts after diffraction are then given by

U = U(r') G(r)
P

Disregarding the ze rot? and other orders which do not propagate in tte
direction of the axicon output leads to the result

U = B eik (r sin ep - r!'sin 6') + B e-ik (r sin ep -r'sin @")

In the nominal design, r' = rand @' = 8_ so the two waves that
are mixed ‘ogether in the direction of the axicon output add together to
give a net amplitude of 2B, These two waves are, however, complex
conjugates of each other, so that wavef: .nt errors arising from misalign-
ments or distortions of the axicon eiements are of opposite sign. If
r =r', 8 =06"'and residual wavefront errors of magnitude ¢ are present
in each beam, the intensity distribution across the two waves of interest

(which are propagating in the same direction) is

2

1(x, y) leeik (r 8in @ - r' =in €' + ¢) + e'ik (r sin @ - r' sin ' + ¢)

B [2+2coske] = 4 B% cos® (ke/2)

The wavefrcnt errors are thus mapped into an intensity distribution
on the output beam. For example, if the inner element is decentered by an
amount A x,

r' = [(x~l—Ax)2 + yz] te

= (r2 + 2x Ax)l/2

"_"r+§_é->.(

r
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and

XAx .
€ = . sin @

LAX

I(x,y) = 4 B% cos® (1)‘ sinep)

This intensity distribution is zero along radial lines inclined at an angle ¥

to the direction of decentration such that

. _ x _ _(ntl/2), _
cos ¥ '7'Axs'mep (n" o, 1, 2, 3).

The resultant star pattern is illustrated in Figure 44.

Further conclusions may be drawn from the above and rationalized

in a general way. First, x equals N\ along the linez = 0, and € = Ax sin @

is the OPD error along this line, the OPD being constant along
This result may be correlated with the grating equation for the

the case in which one beam is normal to the axicon:

Grating Equation: A = 4 sin ep

OPD Error: € = Ax sin ep

radial lines,

axicon 1or

It is immediately evident that a decentration equal to the grating

spacing, d, causes a full wave of OPD error. This is to be expected

since each groove of the grating must correspond to an increment of one

wave to obtain the first diffracted order. Furthermore, the OPD error

due to decentration is independent of the scale or magnification ratio of

the axicon; it depends only on the cone angle and wavelength and hence

these two parameters alone determine the sensitivity of the axicon to

decentration errors. Since the grating spacing is generally small,
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Figure 44. Contours of zero intensity in output.
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(5.4 pm for ep = 45 degrees and A = 3,8 pm) decentration tolerances of

the order of a micrometer or less are implied, Although such tolerances

are stringent, they are similar to those for a conventional reflective
axicon. Furthermore, this sensitivity to decentration, coupled with the
intensity mapping of the OPD errors offers a potential means of imple -
menting adaptive control, and may, therefore be used to advantage,
Although not analyzed here, it should be noted that similar results arise

with respect to tilt errors in the axicon,

2.3.5 Off-Axis Virtual Mirror

To obtain uniformly high efficiency, the off-axis grating lens must
be designed to exclude all diffracted orders but (he first, at every point
on the aperture, The angle, GD, at which the first order diffracts is
varied to provide the optical power of the grating,

The range of diffracted angles can be determined from the geometry
of the focus. A simple geometry in which the focal spot lies tangent to
the inner edge of the incident beam is shown in Figure 45, Rays incident
alorng this interface are retroflected by the grating; this is the Littrow
condition in which

. . -
sin ei = 53 OD = ei

A ray from the outer edge of the incident beam diffracts into an angle

determined by the f-number (f#) of the lens:

-1 1
eDmin = ei - 2 tan (Z—f-#-).

The existence of no more than one diffracted order can be ensured through
the use of the grating equation to locate the cutoff condition for the

second order:

3in 91 + 1< 2(sin 8; + sin OD ) .
min
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¢ MAXIMUM DIFFRACTED ANGLE IS RETRDREFLECTED (LITTROW)
Somax * 6

® MIN!MUM DIFFRACTED ANGLE IS DETERMINED BY THE SYSTEM
F-NUMBER

6 . g - S5 T .

Omin - 8,-2TAN (2 F/NO.)

o ASINGLE DIFFRACTED ORDER IS ENSURED IF
SIN 6, + 1<2(sm 6,+SIN BDMW)

Figure 45, Virtual primary mirror: geometry
used in efficiency analysis.

This condition is satisfied in the region above the solid curve in
Figure 46; for any number above the curve, it was anticipated that high-

efficiency virtual mirrors would be feasible,
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Figure 46, Virtual primary mirror design: efficiency
guidelines for TM (E ) polarization,
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The diffraction efficiency code has confirmed this expectation in

‘he following way. The first step was to see how close to the solid curve
one could design a virtual lens with an ion-etched groove profile and still
obtain 99 percent diffraction efficiency. It was found that one could come
quite close to this curve; any design point above the dashed line of
Figure 46 satisfied the requirement.

The next step was to s ee whether it would be necessary tc tailor
the groove depth across the surface in order to maintain uniformly high
efficiency. The three points investigated are shown in Figure 46. The
numbers listed under 'grcove -depth variation' show the groove depths
which will yield 99 percent efficiency at the outer and inner edzes of the

mirror. The groove depth could remain uniform for the shallower angles

(1O i R i it (LT il

of incidence, but depth tailoring is required for the steeper ones.
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3.0 FABRICATION INVESTIGATION

Task III of the Holographic Grating Studv was an experimental
investigation of techniques for fabricating low-efficiency and high-efficiency
holographic gratings. The results of that effort, which extended throughout
the study, are described in this section.

Section 3.1 contains an introductory discussion of potential fabrication
methods, and of the reasons for selecting the aberrated-wavefront approach,
This discussion is followed in Section 3,2 by an examination of the key fabri~
cation issues, covering both low and high-efficiency gratings. The fabrication
proceduree that were used are described in Section 3. 3, while the results of

the investigation are detailed in Section 3. 4 and in Section 3 of Volume 11,
3.1 FABRICATION OVERVIEW

3.1.1 Fabrication Techniques

A holographic grating is defined in terms of its function as a
holographic focusing element. The groove locations on the surface are the
loci of the maxima of the interference fringes formed by the desired incident
and diffracted beams. Thervcfore, fabrication of an HG requires the forma-
tion of grooves at these locations, and the various possible fabrication
techniques carn be evaluated in terms of the accuracy of the groove locations
and the uniformity cf the groove shape,

For low-efficiency holograms operating in the first order of
diffraction, the optimum groove shape is probably a sinusoid, because
this shape diffracts only into the first two orders of the grating (for low
efficiency), and produces a minimum of scattered radiation.

In the case of high-efficiency HGs, the optimum groove shape depends
on several parameters that differ for differing performance requirements,
and substantially deeper grooves are required. Both of these requirements
demand greater understanding and control of the fabrication process than is

needed for low-efficiency gratings, For this reason, much of the fabrication
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investigation was devoted to high-efficiency issues such as minimizing the
effects of standing waves from reflecting substrates and achieving highly
uniform coatings of photoresist,

‘The two major techniques of grating fabrication are briefly described
in the following paragraphs.

Mechanical Ruling

Mechanical ruling of the HG into the surface of the substrate requires
that’a complex positioning mec’.anism locate the cutting tool precisely at the
calculated locatione of a fringe maximum, and remove a very small amount
of material as it is moved along the locus of this maximum, Figure 47
shows a magnified photograph of a portion of a typical ruled grating.
Evidently, it is not reasonable to expect a sinusoidal groove profile by this
method, and the presence of burrs indicates that the level of scattered light
from such a grating is relatively high. Furthermore, ruling machines are
quite expensive. If the fabrication of holographic gratings depended on
mechanical ruling, they would not, in al! likelihood, become practical
devices. For comparison, Figure 48 sh>ws a magnified photograph of a

portion of a typical holographic grating; clearly, the holographic method
permits much better control over the groove shape.

Ion-Beam Machining

Fortunately, an attractive alternative to mechanical ruling is
available — that of ion-beam machining. In this technique, a beam of high-
energy ions is used to ablate material from the surface through openings that
must be provided to defire the machining locations. These openings are
produced by a layer of photoresist that is exposed and etched away prior to
the machining process,

The spectral sensitivity of the photoresiet is such that the exposing
radiation must be in the blue or ultra-violet regions. Existing possibilities
for providing this blue exposure include: (1) contact printing of a master;
(2) projection of a previously-recorded pattern; and (3) direct exposure by
a blu. -light interference pattern. All of these techniques are potentially

capable of producing a sinusoidal groove pattern, through a linear etch of the
photoresist.
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Figure 48. Holographic grating.

Linear etching of several types of photoresist has been accomplished
by holographers for the purpose of generating linear hologram recordings.
This linear development process can be followed by ion-beam machining *o
obtain a desirable groove shape, since ion machining is also a l.inear process,
To the extent that the etch rates for the photoresist and the underlying sub-
strate are equal, the resulting groove shape will be sinusoidal. I the etch
rates of the resist and substrate are different, the etched groove wi.l be a
distorted version of the shave existing ir the resist, and its depth may be
either greater or less than that in the resist, Nevertheless, even when the
etch rates differ greatly, the process can be regulated to achieve good

resultas.

3.1.2 Impl=2mentation Techniques

Several possible methods of providing the desired pattern of fringe

locations on the resist-coated substrate are discussed in this subsection.

Ruled Master

If an appropriate ruling machine and conforming substrate are
available, the desired pattern can be calculated from the operational require-
ments (conjugate points) cf the system, ruled into a meétal film on the con-

forming substrate, and used to contact=print the desired pattern into the
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resist. The metal film can he completely removed. i.e., shallow grooves
in the master are not required. The primary advantage of this method is
that the groove positions are determined entirely by the master grating and
not by the sxposure/development/ion-beam=-machining procedures. The
major Giificulty concerns the availability of an adequate ruling machine.

A possibly attractive alternative to a mechanically-ruled master ia
a photographically-recorded master. With this approach, a plotter or
scanning recorder is used to provide the master. The principal difficulties
lic in dbtairing a suitable plotter and the necessity of providing the conform-
ing substrate. The plotter is a generally useful tool, and so would tend to
be more available than the ruling machine. A distinct advantage of this
technique is that the groove shape could be tailored to meet various require-
ments,

Exact Holographic Grating

Conceptually, the most direct way to defline the desired groove
pattern is to expose the resist to the interference pittern produced by the
two desired conjugate beams of ‘the hologram., However, :hen infrared HGs
are required, there are two majur obstacles to this approa ch, First, the
resist is not sensitive to the infrared radiation, nor are other recording
materials available to be used on top of the resist or on a conforming sub=
strate. This means that the desired fringes would have to be observed by
a detector ind transferred to the substrate by a blue light scanner, which is
a difficult process.

The second obstacle to recording the desired hologram directly is in
providing the necessary construction beams. Particularly when large
reﬂecting subWtrates are involved (e.g., a primary mirror) clean,
accurate optical systerns of large aperture are required. For the reflection

system, the conve.ging beam must be supplied.

Magnification of a Visible~Light Original

According to holographic theory, if a hologram is recorded at a
wavelength, \,, it can be reconstructed at another wavelength, },, withou.
aberration, provided that the hologram is enlarged (or reduced) by the
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factor \2/ A » the ratio of the playback to recording ~avelengths. This
means that a pattern could be recorded in the blue spectrum and then
projected onto the substrate using incoherent blue light, with the requirsd
magnification. The advantage of this approach is that the aperture of ths
recorded hologram. is much smaller than that of the final substrate, and the
f/mumbers of the blue recording beams are much larger thar those of the
playback beamr The major difficulties lie in producing a sufficiently
accurate original nologram, in providing for curved substrates, and in
achieving the extreme projection accuracies necessary for diffraction=

timited sampling.

Blue Fc¢int=Source Construction Beams

As in the case of the magnified visible=light orliginal, this technique
employs blue construction beams to m~ke an HG for use at a specified infra-
red wavelength. Instead of optically projecting an original hologram, however,
the required fringe pattern is recorded directly on a photoresist~coated
substrate at the correct scale for the IR playback wavelength, using blue
point sources that most closely duplicate the prescribed wavefront.
Aberrations can then be corrected on playback, using eppropriate compensa~
ting optics in the diffracted beam, The ad" -tage of this approach is that
the construction point sourcecs generate simp.  diverging beams that can be
kept noise=free by spatial filtering. The principal disadvantage is that
additional optical elements are required in the final system. Although small
conventional elements might suffice to correct a low-power sample beam
in this way, a high=efficiency HG would require specislly designed high

power component:s — a decidedly unattractive proepect,

Aberrated-Wavefront Construction Beams

Like the previous approach, the aberrated-wavefront technigue
employs blue construction beams to make a full-scale HG designed for use
in the infrared. The two meth ‘ds also. share the ability to correct for
aberrations arising from both .1e wavelength shift between construction and
playback and the use of off-axas playback geometries, They differ, however,




in that th3 aberrated-wavefront approach introduces these wavefront correc-
tions into one or both of the construction beams, rather than into the diffrac-
ted beam on playback. The correction is effected by using specially designed
compensating optics to modify the spherical wavefronts emanating from
optimally located point sources. The resulting fringe pattern describes an
HG that is diffraction limited when p:aved back at the . : ified IR wavelength
and in the design geometry,

bHesides making it possible to design HGs with ''built-in'" aberration
corrections, the aberrated-wavefront method offers other significani
advantages over alternative implementation techniques. These include the
facts that the numerical apertures of the construction beams are much
smaller (and therefore much easier to implement in the laboratory), that
the construction wavelength can be selected to optimize the exposure process,
and that only diverging beams are required. The small numerical apertures
and diverging beams are both particularly important ad autagces. The
principal difficulties stem from the need for stable, coherent construction
beams and specially-designed, high quality cox;recting opticsa.

Because of the adva.itages noted above, and because the difficulties
were considered to be quite manageable, the aberrated wavefront approach
was implemented and used successfully throughout the HGS Program.

Figure 49 shows a photograph of the recording setup that was used; it is
described in the following subsections.

3.2 FABRICATION ISSUES

As noted above, the aberrated-wavefront method of generating
holographic grating exposures requires special optical: elements and stable,
coherer.t blue (or UV) construction beams. Design and fabrication of the
special optics are fairly routine tasks that were accomplished without undue
difficulty (see Section 5), A serviceable coherent blue source was provided
by the 4416 nm line from an available cw HeCd laser. Although some
stabiliiy and reliability problems were experienced with this laser during the
early part of the program, the manufacturer was able to solve them by
rebuilding it to incorporate certain design modifications suggested by Hughes.
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In future work, the HeCd laser will be replaced by a more suitable
krypton lasar fitted with an etalon to provide a highly coherent beam at
4131 nm. The higher power level available from this laser combined with
the greater sensitivity of photoresist at the shorter wavelength results in
more than a factor-of-ten improvement in the effective sensitivity relative
to the HeCd laser This improvement can be exploiied to provide shorter
exposure times and/or larger gratings.

Besides designing the correction optics and obtaining z laser suitable
for making holographic exposures, a number of other issues relating to the
experimental work were addressed in the course of the fabrication investiga-
tion; they are discussed in the following three subsections. The issues
described in Section 3.2. 1 deal with fabrication procedures applicable to
both low-efficiency and high-efficiency HGs, while Section 3. 2.2 covers issues
of concern primarily for high-efficiency gratings. Modifications of procedures
and facilities that will be needed for fabricating larger HGs up to one meter

in diameter are discussed in Section 3. 2. 3.

3.2.1 Gereral Issues (Low and High Efficiency)

A diagram of the HG recording setup that was used is shown in
Figure 50. The construction beam optical system was designed to record
the 45-degree HG beam sampler described in Section 5. This grating focuses
a collimated 3.8 um beam, incident at an angle of 45 degrees, to a puint on
the normal to the mirror. (Sce Figure 6, Section 2), The optical components
consist of a beam splitter, dielectric mirrors and spatial filters, aberration-

compensating lenses, and frequency stabilization optics.

Stability During Exposure

Stability is of great importance for accurately recording complex,
interference patterns at high spatial frequencies, Because the interference
is phase dependent, the optical path difference between the construction
beams must be held constant while the pattern is being recorded. Therefore,
the optical system was constructed on an optical table supported by pneuma-
tic air mounts, The low natural frequency of these air mounts isolates the

optical system from building vibrations. A plexiglass turbulence shield was
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Figure 50. Exposure apparatus for exposing
aberration-corrected holographic gratings,

fabricated on the optical table to minimize the effect of atmospheric distur-

A

bances and acoustic noise on the recording system,

it

The laser source was
located outside of the enclosure 8o as to isolate the construction beams

from
the thermal convection induced by the laser.

.

I

In addition, the enclosure can

be filled with a clean nitrogen atmosphere to prevent dust from settling on

Interferometric techniques were used to study the
slability of the construction optics and mounts,
isolation.

il

: optical components.

and the effectiveness of the

Since the optical path difference between the construction beams

must be kept constant to a fraction of a wavelength, significant perturbations

can be easily induced by thermal expansions of the optical components and
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mounts, A fcedback system was therefore designed to monitor and control
this difference. Active correction with this system is accomplished through
electronic processing of an error signal to drive a piezo-electric translator

in one of the construction beams, achieving stability of better than \/20.

Diffraction Effects

Dust particles on the construction optics are rccorded in the photor
resist as far-field diffraction patterns that appear at random positions over
the area of the surface grating. On the other hand, aperture-limiting stops
give rise to near-field diffraction that is distributed through the main beam
that defines the grating. To investigate these aperture effects, a single~-
beam exposure system, cons’sting of a collimated beam and a l-centimeter
limiting aperture, was used. The setup is shown schematically in Figure 51,
while Figure 52 shows a typical near-field pattern fromthis aperture, as
recorded in a photoresist layer on a gold reflective substrate.

Because of the random=~appearing nature of the pattern, it was
initially thought tv be a speckle effect due to a beam reflected from the gold.
The experimental approach used to isolate the cause of this effect was to
interrogate the intensity uniformity of the beam systematically after various
components in the exposure system. The scans shown in Figure 53 were
taken continuously across the beam through a l-cm aperture, using a sampling
aperture of 10 um diameter on the photomultiplier tube. Strong Fresnel
ringing is eviden* from the edge of the aperture but the central beam appears
uniform. Therefore, various iterative exposures were employed on a variety
of substrates using a simple diverging point source. This permitted the
collimating lens to be eliminated, thereby minimizing the optical surfaces
in the exposure setup. The substrates investigated were (1) simple micro=
scope glass slides, (3) reflective gold evaporated on 2~inch silicon wafers,
(4) reflective gnld sputtered on 2-inch silicon wafers., Both spin-coating
and dip-coating were used to coat the photoresist in these experiments.
Exposures tuo the diverging point source exhibited no speckle. The next
step was to add the collimating lens in the optical system and repeat the
exposures on various substrates, Once again, no extraneous speckle was

recorded in the photoresist,
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Figure 5l. Single collimated-beam exposure system.

With the addition of the aperture in the optical system, natterns in
the photoresist similar to thos: shown in Figure 52 were observed. The
same effect was seen in exposures with the aperture at several locations in
the construction beam. The far=-field location of a 1=cm diameter aperture
at 441, 6 nm is DZ/X = 227 meters (D = diameter of the aperture;

A = wavelength). Further experimentation has shown that even folding
mirrors 1 to 2 inches in diameter can cause near=field diffraction problems
if the incident beam over=fills the mirror aperture, The random appearance
of the diffraction pattern is attributed to defects in the aperture., Imperfec=
tions in the aperture of the order of 25 pym can cause Fresnel rings less

than 25 um in diameter to break up into the random pattern seen in

Figure 52,

Scattering From Reflective Substrates

In order to control the etch rate, etch depth, and the profile of the
surface grating recording in Shipley 1350B photoresist, experimental data
were collected for various exposures at fixed development times,
Dip-coating and spin-coating techniques were used to apply photoresist
to a gold reflective layer on glass substrates. After the photoresist
was exposed and developed, the etch depth was measured with a Tallysurf
instrument. Initial work using single~beam exposures at 441, 6 nm showed

effects of scattering from the reflective substrate, which resulted in a
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random relief on the photoresist rather than a smooth, etched surface, The
sizes of the scatter reliefs were found to depend o1. the surface quaiity cof the
substrate. This does not pose a problem 1n the recording of surface gratings
since the photoresist grating serves as a mask for ion-beam machining the
{inal grating onto the mirror surface. The surface grating mask can be
exposed until all the photoresist is removed in areas where the ion beam is
to etch the reflective surface. Hcwever, the scattering does not allow
accurate data to be obtained for exposures which do not completely etch down
to the gold layer. To obtain etch rate data, the coherence of the 441.6-um
beam ‘was intentionally reduced with a diffuser. Etch rate data were also
obtained experimentally from exposures of linear gratings produced by
interfering collimated wavefronts, It wae found that the scattering problem
is alleviated with interference exposures because the scattering from each
single beam is dominated by interference effects.

During the course of the investigation, reflective optics were used
whenever possible to minimize the effects of secondary reflections from the

interfaces and surfaces of lenses.

3.2.2 High-Efficiency Grating Issues

Two key issues relating to the fabrication of high-efficiency HGs
on metallic substrates were identified early in Task III: (1) obtaining highly
uniform layers of photoresist and (2) minimizing or eliminating standing
wave patterns in the photoresist grating caused by reflection from the
substrate. The first issue is relevant to both low-efficiency and high-
efficiency HGs, but is more critical in the latter case because of the deeper
grooves required. The second issue is of concrrn only for high-efficiency
gratings since standing waves appear only when the grooves are sufficiently
deep.

Because of their critical importance to the successful fabrication
of high~efficiency HGs, the foregoing issues were investigated at length
during the study, Thecy are described briefly in the following paragraphs,

and at greater length in Section 3. 3.

101




i

A

i

é
=
E
-

=

Photoresist Layer Uniformity

Variations in the thickness of a photoresist layer deposited on a

substrate before exposure can lead to nonuniform diffraction efficiency in

the developed grating. This eifect can pe understood with the aid of
Figure 54. The sketch in the upper right-hand part of the tigure represents
a cross-sectional slice through an idealized holographic grating in a non~
uniform layer of photoresist, following exposure and development. For

illustrative purposes, only.two well defined layer thicknesses are considered.

It is also assumed that the depth of the groove after development is directly

proportional to the exposure at each point. This linear exposure/development

characteristic of both the ''thick' and 'thin" gratings is plotted in the upper

left portion of the figure. A single characteristic desc ribes both

thicknesses up to the point where the photoresist in the thinner layer has

been etched away down to the substrate. As the exposure increases beyond
this point, the etching depth saturates in the thinner layer but continues to

increase linearly in the thicker layer until the maximum exposure/depth is

reached.
As a consequence of the difference in etching characteristics, the

groove depth and duty cycle#® will also vary with the thickness of the photo~

resist layer. The period, however, remains unchanged, since it is defined

by the construction beam geometry. These effecta can be seen by referring

to the holographic exposure curve in the lower left part of Figure 54. Here,
the ordinate of the curve is proportional to the exposure level at each point
along a line perpendicular to the grooves. The sinusoidal shape of this
curve characterizes the intensity distribution in the interference pattern of
the two coherent construction beams. In the thicker layer, the grooves
conform to this shape because of the linear photoresist characteiistic.

In -he thinner layer, however, saturation of the characteristic curve
tends, in effect, to flatten the peaks of the cosine profile at the level

indicated by the dashed line "A" corresponding to the layer thickness, As

#The -duty cycle may be defined as the width of the groove wall, at
a pc?u:it half way to the Lottorn of the groove, divided try the
period.
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a result, the grooves in this part of the grating are not only shallower than
in the thicker layer, but the duty cycle is also reduced.

Since the diffraction efficiency is a function of both the groove depth
and duty cycle, it also varies with the thickness of the photoresist layer.
(See Section 4. 1.) Thus, obtaining uniform layers of photoresist is essential

to achieving both maximum grating efficiency and good efficiency uniformity.

Standing Waves

Photoresist exposure to coherent illumination is characterized hy
the etching depth as a function of exposure energy for a fixed development
time. Because of the reflective substrate on which the photoresist is coated,
strong standing waves occur, causing intensity variations in the bulk of the
photoresist along the normal to the substrate, even when the incident
illumination is uniform, This phenomenon is illustrated in I'igure 55 for a
uniform exposure at normal incidence to the photoresist layer. In the bulk
of the photoresist one must consider the attenuation of the exposing beam
due to absorption ar well as the intensity distribution resulting from inter=
ference between the incident and reilected waves. These standing waves
have half-wave cycles with an intensity miniimum at the reflective suriace,
where a 180-degree phase shift occurs., Their inherent stability is
independent of the stability of the exposure setup.

The standing waves give rise to variations of exposure energy in the
bulk of the photoresist layer. Because of such variations, the rate of
development also varies as these sublavers of differently expoeed photo-
resist are removed during development. The effect of this exposure nonuni-
formity due to atanding waves, is shown in Figure 56, These curves were
obtai..ed experimentally by exposing the photoresist to uniform incident
illumination at 441.6 nm. For a fixed development time of 1 minute in a
one-to-one concentration of AZ developer in de~ionized water, the thickness
removed by the developer at various exposure levels was measured using a
Dektak instrument., Exposures were made on gold reflective substrates and
microscope slides, The glass surface of the microscope slide was indexed
with glycerol to a black absorbing surface to minimize reflections from the

rear surface of the substrate. At similar exposure levels, a smaller amount
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Figure 56. Etching depth versus exposure for AZ1350R photoresist
developed for one minute in 1:1 AZ developer,

photoresist was removed from the gold-coated reflecting substrate than from
the non-reflecting substrate., This shallower etching depth iz attributed to
the slower etching rate in the bulk of the photoresist where the exposure was
reduced due to the presence of a minimum in the intensity of the standing

wave,

3.2,3 Large-Area Grating Issues

With the single exception of a 9-cm diameter, water=cooled mirror,
2=-inch diameter substrates were used exclusively for the HGs that were
fabricated thrcughout the study. (The water-cooled mirror is discussed in

Section 5.1.) This restriction was imposed so that the spin<coating
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technique, which yields uniform layers of photoresist, could be used for the
experimental investigation, Spin-coating is noi feasible for large substrates
because of the high mechanical stresses produced.

Nevertheless, it was evident from the beginning that the resulis of
this task would be of limited value in HEL systems applications unless they
could be extrapolated to much larger substrates, Because this issue is of
central importanc. to the development of primary mirror HG beam samplers
and other large~-aperture concepts, a preliminary assessment was made of
the problems involved in scaling up to l-meter diameter curved substrates.
The results of this assessment are summarized in the following paragraph.

Success in extending current fabrication techniques to l-mecter
apertures hinges on three requirements: (1) obtaining a suitable laser
source of higher power, (2) developing coating techniques for large-area
curved substrates, and (3) designing and constructing ion-machining equip=~

ment that can accommoaate the larger substrates.

The first requirement car. e appreciated by noting that an exposure
time of 71 hours would be needed to fabricate a l-meter beam sampler
grating using the HeCd laser that was available during the study. Although
the fringe control system was designed tc correct phase errors occurring
during an indefinitely long exposure, it is difficult to ensure the necessary
physical stability of the substrate ‘tself over periods of several hours or
more. This substrate stability requirement for large-area exposures is best
met by providing higher laser output power in conjunction with single=~
longitudinal-mode operation to increase the coherence length.

Several laser manufacturers offer krypton and argon lasers capable
of providing single-frequency output power levels of from 0,5 to 0,75 watts
at 0.3638 um and 0.5 to 2.5 watts at 0.4131 pm. These wavelengths are
preferable to the high~gain argon lines at 0,4880 and 0. 5145 pm (and to the
0.4416 pm HeCd line) because of the sharply higher photoresist sensitivity
at the shorter wavelengths., Thus, for example, a previous change in the
exposure wavelength from 0.4579 pm to 0, 4416 um resulted in a factor-of-
five increase in sensitivity, and further improvements of from five to twenty
times may be anticipated with the 0,4131 or 0,3638 ;m‘krypton lines. As

noted earlier, the 0.4131 pm krypton line will be used in future work,
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Concerning the second requirement, two current techniques used to
deposit photoresist on small-area substrates are spin=-coating and dip-
coating. The major difficulty with spin coating for l1-meter subatrates is the
high speed at which the substrates must be spun. Reducing the spinning
speed leads to thickness non-uniformities caused by drying of the resist
before full, uniform coverage can be achieved. Another factor contributing
to non-uniformity is the increase in linear velocity with increasing distance
from the center of rotation. Dip coating has been used at Hughes to coat
33-cm diameter mirrors with resist layers 0.5 um thick, achieving a 10-
percent thickness variation, This technique is suitable for coating large
areas but needs refinement for application to 1-meter apertures and curved
substrates.

Roller coating and spray coating are used by commercial vendors to
deposit relatively thick layers of resist on substrates used in printed circuit
board technology. However, the minimum thickness achieved with these
techniques is 10 um, which is excessive for HG applications. Further
aevelopment of these techniques may make them viable for large-area, thin
coatings,

The last major requirement for fabrication of surface gratings on
l-meter substrates is the design and construction of large ion-machining
equipment. The area coverage attained by ion bombardment depends on the
source size, the use of a '"diverging lens' assembly, and the source=-to-
target distance, At the Hughes Research Laboratories, aperturing techniques
have been developed and used with existing ion machining equipment to fabri-
cate uniform machined gratings 25 cm by 30 cm in area. Section-by-section
ion machining of large-area gratings has also been demonstrated., These

techniques can be extended directly to l1-meter substrates,
3.3 FABRICATION PROCEDURES

3.3.,1 Discussion of the Method

Holographic surface grating fabrication consists of a material
preparation process and two exposure steps. First, a photoresist such as

Shipley AZ1350B is'coated on the desired substrate. For beam samplers,

1u8

| Ein




the substrate consista of the reflective surface at which the surface grating
will sample the incident beam., In the next step, a coherent exposure

(at 441.6 nm, for example) records the required interference pattern in the
photoresist layer. In the developing process, Shipley AZ developer is used
to remove photoresist at a rate determined by the local exposure of the photo-
resist layer. The interference pattern is therefore recorded as a surface
relief pattern in the dev~rloped photoresist, As a result, all the photoresist
is etched away in heavily exposed areas and very little is removed in lightly.-
exposed areas, This photoresist pattern then serves as " mask for the
second exposure step, in which an ion beam etches the surface grating into
the underlying reflective layer.

The efficiency of the final grating is determined by the depth and
profile of the ion-etched grooves in the substrate. This profile is, in turn,
highly dependent on the profile of the photoresist grating mask. Because
these gratings consist of lines comparable to wavelength dimensions, good

process control of each step is essential,

Typical experimental parameters for layers of photoresist and
substrate arc shown in Table 4, In general, the photoresist can be either
spin-coated or dip-coated onto the substrate. The volatile solvent in the photo-
resist solution liquifies the material for application to the substrate., After
coating, the photoresist is dried at 70 to 80°C to remove all volatile solvents,

which can cause variations in sensitivity,

TABLE 4. EXAMPLES OF PHOTORESIST AND SUBSTRATE
LAYERS USED IN EXPERIMENTS

Typical °
Material Thickness, A
Photoresist Shipley 1350B 2500 - 3500
Reflective Substrate (Beam Cold 4000 = 5000
Sampling Surface)
Base Glass

Spin=-coating is a method whereby the liquid photoresist is deposited

on the substrate and thc substrate is spun at a2 constant speed to produce a
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uniform coating, The variables which determine the photoresist thickness
are the initial photoresist concentration and the spin rate. With dip=coating,
the sv.bstrate is extracted from a solution of photoresist at a constant rate
('""dip~drawing') or the substrate is held stationary while the solution is drained
away (''dip-draining'). The variables which determine the thickness in this
case are the photoresist concentration and the pull rate or drain rate. Some
typical thickness data are shown in Table 5, Although these results are
repeatable under similar conditions, the thickness depends on the surface
conditions as well as the size of the substrate. Therefore, representative
films for each batch of material prepared were always measured by a Dektac
machine to obtain accurate thickness information, For the most part, photo-
resist thicknesses in the range of 2500 to 3500 A were used. This initial
thickness determines the depth to which the reflective substrate can be etched

in the ion-beam machining exposure.

TABLE 5. PHOTORESIST THICKNESS DATA

SPIN COATING Concentrated Shipley 1350B
Filtered

Substrate-gold on 2 inch diameter silicon wafers
5, 000, RPM — Photoresist thickness

2800 A |
DIP-DRAW Ccacentrated Shipley 1350B
COATING Substrate-glass 2 x 3 inches

1 inch/20 seconds — Photoresist thickness 5600 4
1 inch/25 seconds — Photoresist thickness 4500 A
1 inch/30 seconds — Photoresist thickness 4000 A

After being applied to the substrate, the photoresist is exposed to the
interference of the construction beams. As discussed in Section 3. 1. 2, the
Hughes approach employs aberrated wavefronts at the construction wave-
length, This allows the grating to be constructed with diverging beams of
small numerical aperture. Residual aberrations of the hologram can be

corrected with sr.all-aperture elements in these construction beams.
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3.3.2 Grating Exposure

An exposure setup for recording linear gratings having a period of

approximately 6 um is shown in Figure 57. The fringe control interferometer

behind the exposure plane maps one construction beam onto the other to
produce broad fringes so that the intensity can be detected with the photo=

diodes, These detection fringes are 180 degrees out of phase with respect

to each other due to a 90 degree phase shift of the reflected beams at the beam

splitter. Intensity changes in these detected fringes correspond directly to

ik

phase changes in the construction beams., Phase errors due to mechanical

-
i

vibrations of uptical mounts, atmospheric disturbances of the construction
7 wavefronts, etc.,, cause the intensity distribution of the interference pattern
3 to drift. 'This motion of the construction wavefront interference pattern

during an exposure results in a "blurred' recording of the grating, There=~

fore, feedback control electronics are used to modulate a piezo=-electric

translator in one of the construction beams. Intensity differences between

TR

the detected fringes are integrated to provide a correction signal to the
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Figure 57, Exposure apparatus for recording linear grating (6,38 pm/angle)
at location A and quasi-linear grating at location B,
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translator, This active control system allows exposures to extend well
beyond | hour by correcting phase errors to better than \/10,

Due to the presence of the collimating lens ir. Figure 57, the diverging
waves from the point sources are collimated at the exposure plane A so linear
gratings can be recorded with plane wavefronts, The theoretical grating

spacing s is:

A 0.4416 um

— P =
® 7 Zem(e /2) T 168 [Zsin (L 187]] 6.38 pm/cycle.

where

)\p = N, /n = construction wavelength in photoresist

refractive index of photoresist

o}
]

sin"1 (sin 6 _.
P air
beams in photoresist,

Lo ]
]

)/a| = included angle between construction

A typical grating period of the exposed photoresist gratings as measured
with a microscope-stage micrometer, was 6,36 um/cycle, in agreement
with this calculation. This grating spacing was chosen to be large enough
so that a fair amount of detail can be seen through a conventional microscope
at 1000-to-2000X magnification. Figure 58 shows an example of a photoresist
grating recorded at location A in Figure 57,

Because of internal reflections between its front and back surfaces,
the lens in Figure 57 refracts part of the incident beams at different
angles, producing weak extraneous gratings. These extraneous gratings
produce spurious diffracted crders which can be eliminated by using anti-
reflection coated single-element lenses or reflective optics, Location B
allows quasi-linear gratings to be recorded with spherical wavefronts and
eliminates the extraneous reflections from the lens. The resultant grating
is produced as expected with only the standing-wave effect as shown in
Figure 59. Examination of the diffracted orders verifies the absence of

other gratings.
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Figure 58, (a) Linear grating recorded in AZ1350B photoresist
over gold on 2'' x 3" microscope slide, Note extraneous grating
structure along the edges due to spurious reflection from lens
element. (b) extraneous diffraction caused by the extraneous
grating structure. Note: Arrows in photograph denote the top
of the grating step.

13

—

B et

it




s
-—
—— e
s
S e SRSl R S0 e o -«
W T S DR S e g
B A B OIS G, . s B e R e e e e
e e et I g S ——
Bk e Bl te S Ama Sas N . . -
e e - v AR ity
ot Se g R TR - O HGCS N
. '..‘.? A :."I -
ETE T ——= §32.8 m  O¥ating
-1/4-1 +2
N _?FBI'I‘OTQRESIST ) Diffracted orders

. B = Wy
e A M e B SR Rt

-
e

et

—

| 1650x

(b)
(a)

Figure 59. (a) Quasi-linear grating recorded in AZ1350B photoresist
over gold on 2" x 3" microscope slide, Note standing wave structure
along the grating., (b) First and Second diffracted orders. Note: the
secondary spot near the diffracted orders is due to reflections in the

laser cavity; arrows in the photographs denote the top of the
grating step.
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3.3.3 Development of Photoresist Gratings

It can be shown that the relationship between etching depth, in

photoresist, Ad, and exposure E (energy/unit area) is®:
ad = T[r1 - Aar exp(=cE)] (11)

where

T = development time (seconds)
c = exposure constant of the photoresisi

r, = etching rate of exposed molecules
r, = etching rate of unexposed molecules

Ar = rl-rz

If cE « 1 in Equation 11 (as 18 usually the case), then

Ad = ArTcE +r,T (12)

Equations 11 and 12 shcw that the etching depth in photoresist is strongly
dependent on the etching rate of unexposed molecules, The characteristics
of r_ can be utilized to control the degree of linearity of the final etching rate
of the material,

A survey of previous work done with AZ1350 photoresist is summarized
in Figure 60. The wide dispersion of experimental data taken by various
workers is evident. Thase experimental data are dependent on laboratory
conditions and control of material preparation and processing. To obtain
accurate data based on the preparation and processing employed in the
Holographic Grating Study, the characteristics of r, were investigated using
both AZ1350 developer and AZ303 developer. First, AZ1350B photoresist

was spin-coated onto silicon wafers at 300 RPM to form a photoresist layer

6R. A. Bartolini, Appl. Opt. 13, 129 (1974)
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Figure 60, Summary of experimental data reported by various
workers using AZ 1350 photoresist,

approximately 4300 A thick. The photoresist-coated wafers were then baked
at 80°C for 20 minutes, Silicon wafers provide a convenient optical surface
upon which photoresist layere of very uniform thickness can be applied by
spin-cnating techniques, The photoresist was then developed for various
development times, rinsed with de-ionized water, and blown dry with nitro-
gen, During the experiment, variations in the etching depths occurred due
to non-uniform agitation of the photoresist in the developer, Depletion of

the developer occurs if agitation is not adequate to keep fresh developer at
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the photoresist surface. Therefore, the developer was stirred at a constant
rate during the development process to achieve consistency in the experi-
ments. The developer temperature was held constant at 21 to 22°C,
Experimental data for r, corresponding to various dilutions of
developer are shown in Figure 61, The etching depths were measured on a
Dektac instrument. Referring to the experimental data, a very wide range
of variation in the measurements was recorded for long development times
with undiluted AZ1350 developer. This is attributed to a pronounced rough-
ness of the etched surface resulting from extended development. At a one-
to=one dilution ratio, r, is very small, which is desirable to prevent exces=
sive removal of unexposed photoresist, The AZ303 developer was found to
have a higher r, value. In addition to this increzsed r, value, other workers
have found significant increases in development speed for r, using this
developer. Hughes experience has verified this effect along with a smoother
etched surface, as indicated by the relatively small spread in the experimen=-
tal data, This is advantageous for exposing larger grating areas because the

exposure energy density can be reduced.

3.4 EXPERIMENTAL RESULTS

In Section 3.2.2, two issues of major concern in the fabrication of
high-efficiency HGs were described: (1) obtaining highly uniform photoresist
coatings on the grating substrate, and (2) minimizing or eliminating standing
wave patterns in the photoresist grating (which may be transferred into the
final ion-etched grating). The first of these is a key element of a more
basic issue underlying the development of such gratings: gaiuing sufficient
understanding and control of photoresist and ion-machining processes to
ensure that the desired groove depth and profile are accurately reproduced
in the final grating. As noted earlier, control of groove properties is also
needed tc achieve good efficiency uniformity, which is important for low=
efficiency, as well as high-efficiency HGs.

In contrast, standing waves are ordinarily of concern only in the
fabrication of high-efficiency gratings. The reason for this is that standing

waves occur only when the thickness of the thotoresist layer exceeds a
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‘were subsequently spin-

of the resultirg photores

possible impurities in the phntoresist and/o
as

the high speed of the spinner,

very high radial acceleration and velocity;

strikes the inner surface of the spinner bo
onto the substrate

(3600 RPM) was employed in conjunction with al
(AZ1370), This

half-wavelength of the expnsing radiation (in

is usually not reached with shallow,
appear in the thicker photores
high~efficiency gratings,

the photoresist), and this limit
low-efficiency HGs. They do tend to

ist coatings that are required for pProducing

When they occur, standing waves tend to reduce

the attainable level of diffraction efficiency, and must therefore be

fuppressed whenever maximum efficiency is required.

The foregoing issues were eéxamined s

detail under Task III, These investigations are

described in the following
subsections and in Section 3 of Volume II,

3.4.1 Investigation of Photoresist Properties

This subsection describes a series of experiments that led to a

reproducible method of coating two

~inch silicon substrates with layers of
photoresist,

The following procedure was developed for cleaning the silicon

substrates before depositing the gold layer:
. Degrease with Trichl.oroethylene (15 minutes)
. Wash in saturated solution of Alconox and wat

. Wash in hot de-ionized water (2 hours)

N e

er (20 minutes)

w

Degrease with Transsne (15 minutes)

Degrease with Transene (15 minuces)

Vacuum=bake at 115°C for 30 minutes in a half-closed jar,

O\:Jllh

ples were stored under vacuum andg
Coated at 7,200 rpm with AZ1350J resist,

The quality
ist film was poor,

Later experiments eliminated
I contar-ination of the 2ubstrate

Finally, the cause was found to be
At 7200 RPM the

causes of the layer nonuniformity,

photoresist is subject to
consequently, it atomizes and
wl, which reflects some of it back
. In subsequent experiments, a lower spin speed

ower=-viscosity resist
modification succeeded in eliminating the problem,
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Following these initial investigations, 12 silicon wafers were cleaned
according to the above pracedures, and a 1. 7-um layer of gold was deposited
on zach of them, using vacuum evaporation techniques. Four of these 12
substrates, hereafter referred tc as 69A, 69B, 69C and 69D, were coated in
the following manner: 10 drops of filtered AZ1375 photoresist were deposited
at the center of the wafer; a 30 second waiting time was allowed so that
bubbles in the resist would rise to the surface, and the wafer was then spun
w1t 2600 RPM for 30 seconds, The wafers were exposed to the interference
.attern of the HeCd laser for 7 minutes, 13 seconds, resulting in an expo-
sure energy density of 130 mJ/cmZ. The wafers were developed in AZ
developer (i:1 dilution ratio) for 2 minutes and washed for 5 minutes in
de-ionized water.

All wafers exhibited 4 textured pattern radiating outwar? from the
center. Since repeatability and understanding of deposition processes were
primary task goals, it was decided that an investigation into the causes of
the texture, and means of eliminating it, was needed. For this purpose, a
large number of experiments was performed; they are summarized below.

The cause of the textured pattern was determined to be irregular
drying of the resist before and during the spinning process. The pattern
was eliminated by applying either of two possibic tcchniques: (1) adding
acetone to the spinner bowl, or (2) employing a two=layer construction in

the presence of photoresist thinner.

3.4.2 Evaluation of Techniques

A‘r Baking versus Vacuum Baking

The first experiment was dcsigned to determine whether vacuum
baking prior to exposure was causing the texture problem. For this purpose,
the wafers 69A, 69B, 69C and 69D were cleaned using '"Photrex' grade
acetone and '""Photrex' grade 2-propanol. After -leaning, they were
re-numbered 25A, 25B, 25C and 25D, respectively, Low-viscosity 1350B
resist and high-viscosity 1375 resist were used to obtain thin (0,3 tv 0.4 um)
and thick (2-3 pm) layers, respectively. The different parameters that

were varied during the experiment are summarized in Table 6,
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TABLE 6. SUMMARY OF AIR AND VACUUM BAKING

Spin
Photoresist Speed, Baking Type/ E:nosure Energ Miscellaneous
Sample Type RPM Duration Dxnsity, mJ/cm Comments
25A 1350B 3600 Vacuum/2 hours 130
25B 1350B 3600 Vacuum/2 hours 90
25C 1350B 3600 Air/2 hours 130
25D 13508 3600 Air/2 hours 90
25E 1375 2000 Air /2 hours 13¢
25F 1375 2000 YVacuum/ 2 hours 130
25G 1375 4000 Air/2 hours 130
25H 1375 4000 Vacuum/ 2 hours 130
251 1375 6000 Air/2 hours 130
257 1375 6000 Vacuum/2 hours 130
25K 1375 3600 Air/2 hours 130 Spinner bowl
covered during
waiting and
25L 1375 3600 Vacuum/2 hours 130 spinning.

Conditions: a. 20 drops photoresist
b. 30 seconds waiting time
c. 30 seconds spin duration

After exposure, the samples were developed in AZ developer (1:1)
for 2 minutes and rinsed in de=ion:zed water for 5 minutes. No texture was
observed on samples 25A, 25B, ¢5C, 25D, 25K and 25L. The texture problem
was apparently caused by the high viscosity of the AZ1375 photoresist used
(samples 25A, B, C, and D were made with very thin resist) and by partial
drying of the resist while waiting, and while spinning the sample. Covering
the spinner bowl (samples 25K and L) seemed to eliminate this problem.

In an attempt to confirm these conclusions, four substrates were
cleaned with "Photrex' acetone and 2-propanol using procedures identical
to those used in preparing samples 25K and 25L. However, after exposure
and development, the new samples showed a textured pattern. At the time,
the cause of this inconsistency was not known. Now it is believed that since
sarnples K and L. were the last ones prepared during the previous run,

enough photoresist solvent remained in the spinner bowl to prevent localized
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dring of the resist. The four wafers that were used the next day exhibited
the textured pattern simply because there was then not enough resist and
solvent in the spinner bowl to prevent the resist from dry...s. Samples A,

B, C and D did not exhibit texture due to the high solvent content of the low-

vigcosity resist that was used.

Acetone in Spinner Bowl

To investigate the effect re-cleaning of the substrates would have on
the success of Samples 25A, B, C and D in the previous experiment, pre-
viously exposed substrates were cleaned with '""Photrex'' acetone and
2-propanol on the spinner immediately before coating them with photo-
resist, The photoresist used was AZ1375; after applying it to the substrates,
the samples were baked under vacuum for two hours, The other parameters
are summarized in Table 7. Texture was absent from all samples, Because
the cover of the spinner bowl isolated it froin the exterior environment, the
only real difference in the experimental conditions seemed to be in re-clean-
ing the old wafers, In the re-cleaning process, acetone and 2-propanol
were used; these are retained as a vapor in the spinner bowl., The acetone
environment seemed to aid the deposition process by preventing the thick

resist from drying,

TABLE 7. EXTERNAL ENVIRONMENT VARIATIONS

Photoresist Laminar

Sample Quantity Flow Bench Cover
25G 10 drops Off On
25H 10 drops Off Off
251 Flooded On On
25J Flooded Off Off
25E 20 drops Off Off
25F 20 drops Off On
Conditions: a. 30 seconds waiting time

b. 30 seconds spin duration
c. 3600 RPM spin speed
d. 130 mJ/cm# exposure
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To confirm these conclusions, the following experiment was
performed. Three groups of substrates were cleaned and prepared in the

following way:

Croup 1. Samples 25G, 25H, 251 The samples in this group were
spin-cieaned with "Photrex' acetone and 2-propanol at 10, 000 RPM
and the bowl was then dried, Afterward, ten drops of filtered resist
were deposited on the substrates, and following a 50 second wait,
the substrates were spin~coated at 3600 RPM for 30 seconds. The
bowl cover wat kept closed during the waiting period and while
spinning the substrate,

Group 2. Samples 25L, 25K, 25E These samplcs were cleaned
individually just before they were coated. In all other respects, the
deposition was identical to that of the Group 1 samples,

Group 3, Samples 25F, 25J, 25A This group was prepared in
identical fashion to Group 2 except for the fact that the laminar=-flow
bench was turned off and the spinner bowl cover was removed.

All of the samples were exposed and developed in the usual manner,
As expected, only Group 1 showed the textured pattern, Following their
development, samples from the three groups were measured with a Dektak
instrument to determine the thickness of the photoresist. The results are

summarized in Table 8.

TABLE 8. SUMMARY OF ACETONE MEASUREMENTS

Laminar Spinner Texture

Group Samples Atmosphere Flow Bench Cover Thickness Present
1 25G, 25H, 251 Dry On On 2.85um Yes
2 25L, 25K, 25E Acejone On On 1.3 um No
3 25F, 25J, 25A Acetone off off 2.3 am No

From this experiment it was concluded that the acetone in the spinner
bowl prevents localized drying of the photoresist. However, the acetone
also appears to attack the photoresist, changing its viscosity and sharply
reducing the layer thickness. The thickness differences among the samples
in Groups 2 and 3 indicate that the coating thickness is determined by the

solvent content of the atmosphere in the spinner bowl.
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Type of Resist, Waiting Time, and Spin Speed

Another experiment was performed to determine whether the
photoresist viscosity or the acetone concentration is the important para-
meter, and to examine the extent to which the acetone atmosphere affects the

resist thickness as a function of spin speed. The parameters that were
varied are summarized in Table 9.

TABLE 9. RESIST TYPE, WAITING TIME, AND SPIN SPEED

. Waiting Time Spin
Photoresist Photoresist Before Spinning, Speed,

Sample Used Quantity seconds RPM
26A 1370 Flooded 30 3600
26B 1370 Flooded 15 3600
26C 1370 10 drops 0 3600
251 1370 Flooded 0 3600
25H 13503 Flooded 30 2500
25H 13507 Flooded 15 2500
25C 13507 Flooded 0 2500
25B 1350J 10 drops 0 2500

Conditions: No acetone in bowl

a.

b. 30 seconds spin duration
c. Laminar flow bench OFF
d. Cover OFF

All the samples were exposed and developed in the conventional way,
and the textured pattern was evident in all of them. 'I'he conclusion, there-
fore, is that only an atmosphere of acetone (or equivalent solvent) can
eliminate the texture problem, but this is achieved at the expense of a
thinner coating of resist,

To improve the thickness of the resist coating using AZ1375 resist,
glass slides were coated with AZ1375 resist in an acetone atmosphere at
different spin speeds. The results are shown in Figure 62. It can be seen

that the thickness improvement is minimal even for very low spin speeds
(2000 RPM).
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Figure 62. Reaist thickness versus spin speed.

In conclusion, it appears that an acetone atmosphere is needed to
eliminate the texture problem even for 1370 and 1350J resist. Ouly the 1350B
resist yielded consistently acceptable coatings in the absence of an acetone
atmosphere. However, only thicknesses upto 0.3to 0.4 »m can be achieved.
Furthermore, in the presence of the solvent atmosphere, the thickness of

the resist layer does not vary significantly over the lower range of spin speeds,

Acetone Concentration

Since acetone is needed in the spinner bowl, it was decided that an
improved resist thickness could be achieved by controlling the acetone
dispensed in the bowl and/or the amount of time that the substrate is left
on the spinning chuck. To assess these possibilities, nine 2-by-2 inch glass
slides were pre-cleaned with acetone and 2-propanol. The substrate was
placed on the vacuum chuck of the spinner with nc; acetone present. Then,
20 drops of filtered AZ1375 resist were dropped onto the center of the
substrate, and a measured amount of acetone was dispensed with a pipette.
Waiting times of 30 and 60 seconds were employed, and finally, the sample
was spun at 3600 rpm for 30 seconds, The resulting thickness is shown in

Table 10 as a function of the amount of acetone and waiting time.
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TABLE 10, RESIST THICKNESS AS A FUNCTION OF ACETONE
CONCENTRATION AND WAITING TIME

Amount of Waiting Time, Thickness,
Sample Acetone, ml seconds pm
A 0 30 2.7
(Reference)
B 2.5 30 2.2
C 2,5 30 2.25
D 2,5 60 2.1
E 5 30 2.05
F 5 30 2.1
G 5 60 1.95
H 10 30 1.95
I 10 60 1.85

Having achieved thicknesses on the order of 2 pm with measured

amounts of acetone, four gold-coated wafers were prepared as follows:

Wafer Identical with 5Slide
25B B
25D E
25C H
25H A

The substrates were exposed and developed according to the usual procedures.
All of them exhibited textured patterns, although the ones made with acetone
were not a8 strongly textured as the reference sample prepared without
solvent. To improve the process, it was thought that allowing the acetone

to saturate the spinner bowl (varying the waiting and spinning times) would
prevent the photoresist from drying locally and generating the textured
structure. All of the gold substrates were cleaned with acetone and
Q=-propanol. Twenty drops of AZ1375 resiat were used on each substrate.
Variable amounts of acetone were dispersed in the spinner bowl, and after

a specified waiting time each sample was spin-coated at 2500 RPM. The

different variations are summarized in Table 11,
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TABLE 11,

ACETONE CONCENTRATION, WAITING TIME AND

SPIN DURATION

Amount of

Waiting Time,

Spin Duration,

Sample Acetone, ml seconds seconds
25A 0 0 30
25E 5 60 30
25F 5 120 30
251 2.5 60 10
253 5 60 10
25K 2.5 6C 15
25L 5 60 15
26A 2.5 60 20
26B 5 60 20

After standard exposure and development, all the samples again
exhibited texture. Sample 25A exhibited the least texture, probably as a
result of the short time needed to complete the deposition. This motivated
the next set of experiments, which was identical to the one just described
excépt for reduced waiting and spin times. These variations are shown in
Table 12, Again, the samples were exposed and developed following
standard procedures. The textured structure was evident on all of them.

At this point, the oniy remaining alternatives were to (1) employ
post-spin processing (using heat and saturated acetone) and (2) increase the
amount of acetone dispensed in the spinner bowl.

Samples 26C, 25B, 33D and 33E were cleaned with '""Photrex'' acetone
and 2-propanol. The wafer surface was flooded with AZ1375 resist, and
after 30 seconfls waiting time, was spun for 30 seconds at.3600 rpm. Sample
26C was baked in air at 120°C for i0 minutes and sample ?-B was baked in
air at 140°C for 5 minutes. Substrate 33D was placed in a saturated acetone
atmosphere, whereupon the solvent attacked the photoresist after about 15
seconds, again causing large-scale surface nonuniformities. After sample
33E was placed in a saturated atmosphere of AZ thinner, a reaction similar
to that seen in the acetone atmosphere was observed, with the exception that
the reaction times were much longer. Upon exposure and development, none

of these samples showed improvement.
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TABLE 12. ACETONE CONCENTRATION, WAITING TIME AND SPIN
DURATION FOR REDUCED WAITING AND SPIN TIMES
Amount of Waiting Time, Spin Duration,
Sample Acetone ml seconds seconds

25F 2.5 0 20
25K 2.5 .0 20
251 2,5 20 20
25A 2.5 0 10
33A 2.5 10 10
25H 2.5 20 10
33B 2.5 0 30

33D 2.5 10 30

7 SP3 2.5 20 30

: 25D 5 0 20
25L 5 10 20

257 5 20 20

E 25E 5 0 10

%; 25B 5 10 10

3 25C 5 20 10

3 33C 5 0 30
26C 5 10 30
26B 5 20 30

=
=
=
=

E

| Finally, the amount of acetone dispensed into the spinner bowl was

1 increased. In this experiment, 200 ml of acetone were poured into the

i spinner bowl., Sample 33B was mounted and flooded with AZ1375 rewsist,
and after a 30 second wait, was spin-coated at 3600 RPM for 30 seconds.
Subsequently, it was removed and an additional 200 ml of acetone were
poured into the bowl, making a total of 400 ml, Sample 25C was mounted
and processed identically to sample 33B. Subsequent exposure and develop~
ment revealed no texture for either 33B or 25C. Unexposed photoresist
was removed from the edges of the samples and the resist height of each was

measured. Samples 33B and 25C were found to be 1.65 um and 1.2 um thick,
respectively,
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It was concluded that the texture problem could be eliminat:d by using
acetone butthe thickness of the resist layer could not also be preserved at
the same time. Acetone atmosphere can be used to generate resist layers
that are uniform to between 1.2 and 1.4 pm. The reason that the structure
problem did not always appear in previous experiments was that some of the
wafers were cleaned with acetone in the spinner bowl just before depositing

the resist,

AZ Thinner

In an effort to improve the resist thickness and eliminate the textured
structure, photoresist thinner was used instead of acetone. For this experi-
ment, 350 ml of AZ thinner were dispensed in the spinner bowl, and 20 drops
of AZ1375 resist were deposited on pre-cleaned wafers. The wafers were
then spun at 3600 RPM. The laminar-flow bench was left on but the spinner
area was kept closed. The variables involved here were the waiting time and

the spinning time; they are summarized in Table 13,

TABLE 13, WAITING AND SPIN TIME VARIABLES

Waiting Time, Spin Duration,
Sample seconds seconds
25L 0 10
25K 0 15
33A 0 30
25D 30 10
25A 30 15
25F 30 30

Following conventional exposure and development, samples 33A and
25F were examined and found to be good gratings with no visible texture.
The measured thickness of the photoresist was 2.35um, an encouraging
result. To determine the tolerances associated with this method, another
experiment was performed in which the waiting and spin times were varied
along with the spin speed, as shown in Table 14, The wafers were exposed
to a laser energy density of 130J/cm2, immersed in AZ developer (1:1) for

2 minutes, and rinsed in de-ionized water for 5 minutes following established
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TABLE 14, WAI'I:ING TIME, SFIN DURATION AND SPIN SPEED VARIABLES

Waiting Time, Spin Duration, Spin Speed,
Sample seconds seconds RPM
25K 30 30 3600
33A 30 40 3600
"25L 30 50 3600
25D 30 60 3600
25B 45 30 3600
26B 45 40 3600
33D 45 50 3600
25E 45 60 3600
SP3 30 30 25
33C 30 40 2500
26C 30 50 2500
25A 30 60 2500

procedures. Only sample 25K did not exbibit the textured structure. Since
the longer spin and waiting times did nct eliminate the problem, it was
decided to try reducing them instead. The results are summarized in
Table 15,

Although in this experiment the conditions for preparing sample SP3
(30 seconds /30 seconds) were identical to successful previous runs, this
sample still exhibited texture. For this reason, four more wafers were
cleaned and processed for 30 seconds waiting and 30 seconds spin time.
After development they showed no structure. Dektak measurements on all
four wafers revealed tnicknesses of 2.33 + 0.03 um. The thickness uniformity
over a single test sample was better than 5 percent,

At this point, 27 more silicon wafers were cleaned and a 3,0 um
gold layer was deposited on each, Microscopic examination revealed that the
gold surface had numerous defects resulting fromthe evaporation techniques
employed. Nevertheless, it was decided to proceed with the preparation of
these samples,.

Six wafers were coated in an AZ-thinner environment, using 30

second waiting and 30 second spin times, These samples were exposed and
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TAB.,E 15, REDUCED SPIN AND WAITING TIMES

Spin Duration, Spin Speed,

Sample Waiting Time seconds RPM
33D 25 seconds 25 3600
25B 25 seconds 30 3600
33C 25 seconds 35 3600
25K 30 seconds 25 3600
SP3 30 seconds 30 3600
25D 30 seconds 55 3600
25E 35 seconds 25 3600
26B 35 seconds 30 3600
25L 35 seconds 35 3600
26C 6 minutes 30 3600
25A 10 minutes 30 3600

- 26A 20 seconds 30 2500

developed conventionally, but unfcrtunately, they all gave evidence of texture.

TR TR TR

It appears that this technique is dependent on the external environment. Since
the major parameters and factors had been investigated, this deposition pro-
cedure was abandoned because it was felt that an excessive amount of time

would be needed to determine the proper conditions.

Dynamic Deposition

In an attempt to eliminate the textured structure, the photoresist was

RIS E

S——

deposited while the substrate was spinning, thus reducing the drying time to
a minimum. In place of the spinner cover, a 12-by-12 inch glass plate with
a 1/32 inch hole was used and 900 ml of AZ thiuner were introduced into the
. spinner bowl, The substrates were carefully mounted 6n the chuck, and
after 30 seconds settling time were spun at 3600 RPM for 30 seconds while
adding photoresist through the hole in the ;lass cover. The parameters
varied were the settling time and the a.nount of photoresist added. The
results are summarized in Table 16, Unfortunately, the texture results

were not consistent, Therefore this method was also abandonsd,
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TABLE 16, THICKNESS VARJATIONS FOR DYNAMIC DEPUSITION

Waiting Time, Photoresist Thickness,

Sample seconds 1375 pm
25D 30 20 drops

25K 30 20 drops

25E 30 20 drops

25A 0 10 drops 1. 85
SP3 60 10 drops 1.85
25L 60 10 drops 1.8»

Double~Coating Procedure

The next step in the development of texture-frec subatcates was
the incorporation of a sublayer of photoresist that would ke.:p the final
resist layer from drying prematurely. In all the experiments that follow,
the textured structure was completely eliminated for all thicknesses,
However, large-scale variations (2000-4000 A) in resist thickness were
observed over the substrate. Since double coating proved to bé a reliable
method of eliminating the textured structure, an investigation was
initiated to solve the problem of thickness variations,

In the experiment described below, three techniques of photoresist
deposition were compared. Curve A in Figure 63 represents the
thickness variation as a function of spin speed for the following process:
900 ml of AZ thinner are iatroduced into the bowl. The substrate is
positioned on the vacuum chuck and after 60 seconds, 20 drops of
photoresist are deposited on the center of the wafer. The cover is then
closea and the closed system ia left undisturbed for 30 seconds, allowiag
bubbles in ihe resist to rise to the surface. After spinning, the substrate
is removed immediately, From curve A (Figure 63), it can be seen
‘hat thick coatings can be achieved, but almost all of them exhibit the
textured structured (the letter "T" after each experimental point denotes the
textured structure).

Curve B in Figure 63 represents 2 procedure identical to
that of Cnrve A except that, instead of closing the bowl with the
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Figure 63, Thickness variations.
conventional cover, a 12-by-12 inch glass plate is used. This provides

for a higher concentration ¢f AZ vapor, thus reducing the thickness

of the spin-coated substrate. Again, as can be seen from the

number of T labels accompanying the data points, the textured structure
remains,
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Curve C exhibits no texture whatsoever, The coating procedure for
this case is a¢ follows: the substrate is positioned onto the spinner chuck
and covered with the 12-by-12 inch glass, Following sixty seconds of settling
time, the spinner is started, Ten drops of resist are dropped onto the spinner
(while it is in motion) and the wafer is spun for 30 seconds., When the spinner
stops, 20 drops are dcuosited in the center of the already-coated substrate,
and after a 30-second waiting tire it is spun again for 30 seconds, Although
the textured structure was eliminated by this procedure, the ccating exhibited
large -s:ale nonuniformity, When viewed under bright light, concentric
fringes appeared,

In an effort to improve the uniformity, the procedure for applying the
resist sublayer was modified, Instead ~f dropping the resist while the wafer
v.as spinning, 20 drops of photoresist + ere first applied, and after 30 seconds
of waiting time it was spun for 30 seconds, Ten samples were prepared this
way, resulting in improved uniformity, However, motiovn fringes were
observed which made evaluation of the uniformity very difficult,

To determine the cause of the motion fringes, more substrates were
cleaned, coated and exposed, Results weve very iaconsistent, After
numerous trial-and-error runs (varying the scitling time, holder pressure,
etc, ), it was concluded that the observed fringes were not caused by sub-
strate motion during exposure, but were in fact the result of a materials
problem, Again, after extensive experimentation it was discovered that the
use of reagent-grade acetone with 0, 003 percent residue after evaporation
was staining the gold. A subsequent change to '"Photrex' grade acetone with
0.0002 percent residue after evaporation succeeded in eliminating the
"motion fringes, "

To further improve the uniformity of the resist layer, a number of
changes in the coating procedure were made., The waiting time before
deposition of the sublayer was incr ased to 60 seconds, and the amount of
~hotoresist used for the final coat was '.1creased to 50 drops, Even with
these changes, the coated layers were not as uniform as would be « :sirable,
The final step was to increase the spin speed to 6,000 RPM, This solved
the problern but produced layers 1, 3 um thick, It seems that with present
technology this is the best that can be achieved by the spin-coating method,
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Twenty -three new silicon wafers were cleaned according to the

procedure described earlier and 2,4 pm of go'? ==L deposited,

cedure for coating them was:

Fill the spinner bowl with 1000 ml of AZ thinner

Center the substrate on the vacuuin chuck

Wait 60 seconds
Spin at 6000 RPM for 30 seconds

Wait 60 seconds
Spin at 6000 RPM for 30 seconds

— O O 00 O ;M s WV -

[ R

The pro-

Wait 60 seconds to allow equilibrium of liquid-vapor phase

Deposit 20 drops of 1375 resist in center of substrate

Deposit 50 drops of photoresist at center of sublayer

Remowve substrate and vacuum bake at 60°C for 2 hours

Place 12-by-12 inch sheet of plate glass over the spinner bowl

All of the samples were exposed to 130 m‘]'/"cm2 energy density from

the laser and were developed according to normal procedures,

found to be uniform and no texture was observed.

3.4.3 Results of the Coating Technique Evaluation

All were

With current technology, uniform and defect-free photoresist layers

can be deposited in thicknesses up to about 1, 4 um using spin-coating

techniques. Although it appears possible to produce thicker resist layers

by other methods, investigation of such methods could not be undertaken

within the time remaining in the program, However, thicker coatings may

not be necessary, because gratings produced from 1,4 pm layers will con-

tain at least k0 or 1l standing waves, whic. should average out in the ion

machining process,

In suimmary, 20 substrates free of resist defects were prepared,

Ten were photographed with a scanning electron microscope (SEM) and ten

more were machined to various depths. Following the ion machining, SEM

photos were made and the samples were measured, These results are

described next,
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3.4.4 Evaluation of Sample Gratings

For this investigation, 20 identical silicon wafers coated with a
0.5 pm gold layer were spin-coated with photoresist and used to prepare a
control set of sample gratings, These substrates were subsequently ex osed,
developed, and ion machined to various'depths to produce ten pairs of graded
efficiency samples, The resulting gratings were then evaluated to provide a
concise set of data on the transfer characteristics of the ion-machining
process and to verify the diffraction efficiency code (see Section 4), as well
as to gain improved understanding of bhotoresist properties,

For each sample, an SEM picture was taken of the photoresist
grating, the ion-machined grating (before removi.g the photoresist), and
the final grating in gold (with photoresist removed). The ion-machined
gratings had peak-to-trough heights of 0, Z'to 2,0 um in steps of 0,2 pm,
Figures 64 to6 69 show some typical results obtained by varying the groove
profile, period and duty cycle. Figure 70 is a summary of the photoresist-
to-gold transfer characteristics for an initial grating with a 25-percent
duty cycle,

At the completion of these experiments, the holografyhic exposure
setup was aligned according to the design specifications for the aberration-
corrected grating construction described in Section 5. Four 2-inch \/20
optical flats were coated and exposed. Two high-efficiency (240 percent)
and two intermediate-efficiency (220 percent) samples were fabricated.

In conclusion, an investigation of the transfer characteristics of a
photoresist mask on gold showed that trapezoidal gratings with a 60-degree
base angle for various peak-to-trough heights of interest could be obtained
consistently, In addition, sputter deposition of gold produced a more uni-
form surface than can be obtained by the e-beam vacuum evaporation method,
Finally, the fabrication of both high-efficiency and low-efficiency aberration-

corrected gratings was demonstrated.

136




i

e

|

T

ALy

PHOTORESIST GRATING

14UMPEAK TO
TROUGH HEIGHT
25 PERCENT DUTY
CYCLE

ETCHED GRATINGS

4BAUM PERIOD
RESIST TOP INTACT

Figure 64, lon-etched

02UMPFAK-TO
TROUGH HEIGHT
34 PERCENT DUT™
CYCLE

60 DEGREE ANGLE

Braltngs,

k2
TF S REE S L T AR S e Bl M, S ot




E
=

i s

i

ik

|t el

b il

e

(ki

il

PHOTORESIST GRATING

1.3 UM PEAK TO
TROUGH HEIGHT
26 PERCENT DUTY CYCLE

ETCHED PHOTORESIST REMOVED

RES!ST TOP

INTACT

Figure 65.

ETCHED GRATING

O6LMPEAK TO
TROUGH HEIGHT
41 PERCENT DUTY
CYCLE

60 DEGREE ANGLE

[on-etched gratings.

138

e e i o = ¥ S A




Wil o i

Ui

e

T o

131 WM PEAK TO
TROUGH HEIGHT
22 PERCENT DUTY CYCLE

OBPM PEAK-TO
TROUGH HEIGHT
29 PEHCENT DUTY
CYCLE

60 DEGREE ANGLE

RES'ST TOP
INTACT

Figure o, Jon-etched pratings,

3
e s B e Ar A -, L




AT

T

TR

ol i

b

Ll

1 OUM PEAK TO

TROUGH HEIGHT

28 PERCENT DUTY CYCLE
60 DEGREE ANGLE

130UM PEAK TO
TROUGH HEIGHT
20 PERCENT DUTY CYCLE

il

T

RESIST TOP
DEFORMS

Figure 67. Ion-etched gratings

140




E

E

4
135UM PEAK TO 1 0[M PEAK TO-

= TROUGH HEIGHT TROUGH HEIGHT
26 PERCENT DUTY 28 PERCENT DUTY CYCLE
CYCLE 60 DEGREE ANGLE

Gl

i

i

RESIST TOP
DEF ORMS

I
E

Figure 08. Ion-etched gratings.




Ll

i

i

gt it 1L

E

128UMPEAK TO
TROUGH HEIGHT
21 PERCENT DUTY

CYCLE

Figure 69

RESIST TOP
DEFORMED

~
-

DN A

lon-etched gratings.

142

,4‘/'///,‘ s f

20 UM PEAK TO-
TROUGH HEIGHT
009 PERCENT
DUTY CYCLE

50 DEGREE ANGLE

b
i‘l
iﬁ




e ) s M

Bl

Ll ok e

gl i b AR

PHOTORESIST

T

T

0
0.2
04

/

T

T

T

0.6
0.8
1.2+
14

16

18}

20+

Figure 70. Photoresist-to-gold transfer
characteristics (ion-etched gratings),

3.4.5 Standing Waves

When a photoresist grating is exposed on a reflecting substrate such

as gold, standing wave patterns may develop in the photoresist as a result of

interference between the incident exposing beams and wavefronts reflected
from the substrate. An example of such standing waves in a linear photo -
resist grating over gold was shown in Figure 59,

In the absence of reflections, the interference intensity between

construction wavefronts is

IA + IB + 2\/IAIB cos eAB

where IA and 1B are the wavefront intensities and eAB is the relative phase

difference between the wavefronts, However, because of reflections, the

143

LA Ly

i



i

M i e

il

T e

il

ot

desired grating is modified by the superposition of standing wave gratings
caused by the interference of reflected and incident wavefronts,

Figure 7la shows the four coherent fields within the photoresist bulk,.
For symmetrical construction beams (where 9l = 62), the general descrip-
tion of the intensity distribution due to the interference of these four coherent

wavefronts is:

y4mn cos@ . x4mwn .sin @
I-=]1+R+2nR cos _Px—_ -¢> I,(L+Y) |1 +Kcos +)

\

[N—

Thickness modulation
coefficient

Desired exposure coefficient

where
Y = IA/'IB is the intensity ratio of the construction beams

R = Reflection coefficient of the substrate

2NY

K = T=7) is the fringe contrast of the construction beam interference

6 - The included half angle between construction beams in the
photoresist
¢ = Phase shift due to reflection at the substrate

The desired grating formed by the two incident construction wavefronts
has loci of constant-intensity fringes parallel to the bisector of the included
angle between construction beams, For symmetrical construction beams,
these fringes are perpendicular to the substrate surface, The distance
between maximum-intensity fringe planes is the groove spacing, dx =
)\/(an sin 6). For construction beams with a small included angle, the
standing wave patterna has loci of constant intensity lying nearly parallel to
the substrate surface, The distance between maximum-intensity fringe
planes is dy = )\/'(an cos 6). For small 6, thesc fringe planes are separated

by A/2n .
y/p
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Fignre 71, Interference intensity distribution of
construction and reflected fields.
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Neglecting absorption, these intensities are periodic within the bulk
of the photoresist as shown in Figure 71b. Therefore, it is only necessary to
consider a unit cell to see the intensity distribution caused by the summatioun
of the desired interference with that caused by the standing waves, This
intensity distribution is shown in Figure ‘72 for a one-to-one beam iutensity
ratio, assuming 30-percent reflectivity from a gold substrate, The varying
intensity in the y-direction caused by the standing waves produces a corres-
ponding variation in the development rate in the photoresist, resulting in a
staircase structure such as that seen in Figure 59,

The intensity distribution for a 20-to-1 beam intensity ratio is shown
in Figure 73. By increasing the intensity ratio of the construction beams,
the fringe contrast of the standing-wave interference is reduced, However,
the fringe contrast of the primary interference is also reduced, The net
effect is a very slight intensity difference between areas of high exposure and
low exposure, Ideally, the minimum exposure should be zero, With the
one-to-one ratio the exposure at minimum is provided only by the standing
waves, whereas with the 20-to-1 ratio the exposure at minimum is higher,
although the contribution from standing waves is reduced, This is due to a

large exposure at the minimum from the primary grating,

Effect of Beam Ratio

Exposures at these two beam ratios on a 2800 A thickness of AZ1350B
photoresist on gold were compared, The exposure times were adjusted to
obtain equal exposure at the maximum value of I(x,y). Standard development
for one minute in one-to-one AZ1350 developer at 21°C was used, High-
magnification photographs and SEM photographs in Figure 74 show the two
gratings, Due to the size of the sample, maneuverability within the SEM
was restricted and did not allow a scan of the profile of the standing wave
structure to be made, However, a broadening of the standing wave steps is
evident in the SEM photos when the beam intensity ratio was increased to
20 to 1,

Figure 75 is the SEM photo of the photoresist grating mask shown in
Figure 59 after ion-beam machining into the gold layer to a depth of 3000 A

and removal of the remaining photoresist. A slight step in the ion-beam
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Y a1 2 SSUMPTIONS: SYMMETRIC CONSTRUCTION BEAMS
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Figure 72. Intensity distribution within unit cell in bulk
of photoresist with 1:1 construction beam ratio

(A 30-percent reflectivity from gold
substrates is assumed, Quantities within
the parenthesis are normalized

to I x (X, Y)
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20:1 BEAMRATIO
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E Y =0.06 ASSUMPTIONS: SYMMETRIC CONSTRUCTION BEAMS
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Figure 73, Intensity distribution within unit cell in bulk of the
photoresist with 20:1 constructioa beam ratio (A 30-percent
reflectivity from gold substrates is assumed, Quantities
within the parenthesis are normalized to Lax{XY).
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a, 1:1 beam ratio

Exposures of AZ1350B photoresist on gold,
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Figure 74. Exposures of A7 1350B photoresist on gold,
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SEM. ION-MACHINED GROOVES

2000x

Figure 77, SEM photograph of 3000 A ion-beam
machined grating in gold,
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machined (gold) grating is evident, caused by the standidg waves in the
photoresist mask. However, a comparison of the photoresist grating mask
and the “:nal ion-beam machined (gold) grating shows a large rcduction of
standing wave structure due to the ion-beam machining process. Further
experimental work is needed to compare the ion machined grating profile

with the photoresist grating mask profile,

Effect of Substrate Reflectivity

Gratings wer=2 fabricated on various substrates in order to investigate
the effect of standing waves experimentally as a function of substrate reflec-
tivity, Photoresist was spin coated on (1) gold (39 percent reflectivity)

(2) chromium oxide sputtered over gold (6 percent reflectivity) and (3) glass
substrate coated with absorbing black paint (less than 0, 5 percent reflectivity).
Exposures were made with 0, 4416 um construction wavelength beams and a
grating period of 4, 8 ym, After standard development, the grating profiles
were examined with a scanning electron microscope (SEM),

In Figures 76 and 77, photoresist grating profiles 4000 A high on
uncoated gold are shown as a function of exposure energy. At large expo-
sure energies (200 to 400 mJ/'cmZ) the standing waves are almost eliminated
and the duty cycle is small, ranging from 10 to 15 percent, At lower
exposures (100 mJ/cmZ) the duty cycle (4C percent) is improved but the
standing wave puttern predominates, At still lower exposure energies
(Figure 77) che duty cycle improves further (70 to 80 percent), but the
standi..g waves in turn exhibit the strong characteristic staircase pattern,
Gratings produced with exposures of 50 m.]'/cm2 or less are not suitable for
ion machining due to the presence of excess photoresist in the graiving 'valley’.
The separation between the "staircase' levels was calculated to be 1300A
and was verified by examining the pictures, Since the photoresist-to-gold
etching rate is about 1 to 3, this limits the peak-to-trough height machined
into gold to about 40P0A, for a duty cycle of approximately 50 percent, This
is adequate for low-efficiency grating applications such as beam sampling.
Deeper grooves can only be achieved by using higher exposure energies to
minimize standing waves in the master resist grating at the expense of a

reduced duty cycle,
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In Figures 78 and 79, photoresist gratings on dark chromium oxide
are depicted as a function of exposure energy. A substrate reflectivity of
6 percent was measured at the 0, 4416-um laser wavelength, However, even
at this low reflectivity value, the desired grating exposure intensity is modu-
lated 63 percent in the bulk of the resist. As expected from the theory and
verified by the SEM pictures, the standing waves have been partially elimi-
nated and the duty cycle improved.

To fabricate gratings with large peak-to-trough heights, a 2-um layer
of photoresist was used on glass substrates coated with flat black paint, The
reflectivity of these substrates is less than 0, 25 percent, The method used to
process these samples was described in the May report, Resultant grating
profiles are shown in Figure 80 as a function of exposure energy, A marked
improvement in the efficiency (peak-to-trough height) and duty cycle is evi-
dent, and the standing wave pattern has been completely eliriinated, The
duty cycle (rms width divided by one period) ranges from 25 to 40 percent
while the peak-to-trough height is about 2 um, These master photoresist
gratings are suitable for high-efficiency grating applications such as virtual
axicons, The 2-um peak-to-trough height achieved is well in excess of that
required in most applications,

The grating profile is a function of the etch-exposure characteristic
of the photoresist/developer combination, To obtain a square-wave shaped
grating from a sinusoidal holographic exposure, nonlinear photoresist
characteristics are desirable, The profiles shown in Figure 80 for 1350J
photoresist and 1350 developer are typically trapezoidal. The slope angle
between the side of the grating and the substrate is 75 to 80 degrees. This
is a consequenc -~ of the linear region that lies beiween threshold exposure,
below which little or no photoresist is removed by the developer, and satura-
tion exposure, above which all the photoresist is removed.

In Figure 81 a different photoresist (1375) was used with 1350
developer to see if there was marked difference in the grating profiles.

The duty cycle here ranges from 30 to 50 percent. The profiles are basically
similar to those obtained with 1350J photoresist and the slope angles range

from 65 to 70 degrees.
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Finally, simultaneous-exppsure-and-development (SED) techniques
were used with 1375 photoresist/1350 developer, as outlined in the May
report. The results are shown in Figure 82. Again, the profile character-

istics are similar, with slope angles of approximately 75 degrees, but the

duty cycle has improved to from 40 to 60 percent.

Standing Waves in Thick Photoresist Layers

ST e

In Section 3.4.5 an experiment to apply anti-reflection (AR) coating
techniques to the fabricatior of high-efficiency gratings was outlined. The

composition of these coatings was varied to evaluate their effectiveness in

i

eliminating standing waves. Photoresist layers 2.6 ym deep made with an
exposure energy density of 130 mJ/cm2 were used to achieve ion-machined
depths of up to 2 pm. A grating period of 5.15 pm/cycle was chosen to
match the axial period of the aberration-corrected design grating.
Scanning-electron-microscope interrogation of the samples (Fig-
ures 83 and 84) showed little or no evidence of standing waves. It will be
shown later that the slight structure remaining is '"'smoothed" out by the ion
machining process and does not transfer into the final gold grating. Because

the AR coatings were selected to have reflectivities ranging from less than

0.1 percent up to 10 percent, the absence of a dominant staircase structure
at the high reflectivities did not correlate with previous theoretical and

experimental work with thin (<0, 5 um) photoresist layers used for fabrica-
tion of low-efficiency gratings, To further investigate this effect, similar
gratings were ‘abricated on gold substrates without AR coatings, The results
in Figure 85 show gratings of a quality comparable to those using AR coatings,
Because gold has z ceflectivity of about 40 percent at the exposure wavelength
(0. 4416 pm), the at \ence of standing waves is attributed to the thickness of
the photoresist layer, Photoresist"grat'mgs fabricated with 1, 3-um layers
on gold (Figure 86) exhibited a more definite staircase structure than those

on 2.6 pm photoresist layers, At present, the exact mechanism by which
thick photoresist layers suppress standing waves is not known, However,
these experiments demonstrate the feasibility of fabricating suitable photo-
resist gratings holographically for producing ion machined high-efficiency
gratings in gold.
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AR COATING
OVER GOLD

a, Substrate reflectivity = 11 percent
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7600X

b. Substrate reflectivity = 2 percent
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Figure 83, SEM photographs of
7500X holographir gratings in photo-
resist on gold with AR coatings
of varying reflectivity,
c. Substratc reflectivity = 0, 2 percent
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\ AR COATING OVER GOLD

Tigure 84. High-magnification SEM of typical grating profile on gold
with AR cnating showing minimal standing wave structure

(20 steps,\/4 ( 1300 A) separation).

I
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Figure 85, SEM photographs of (2.6 um relief height) holographic
gratings in photoresist on gold with minimal
standing wave structure,
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Figure 86. SEM photographs of holographic gratings on gold using
1. 4 pm thick resist, (Standing wave structures are
more dominant compared to gratings fabricated
with 2.6 pm photoresist thickness:
see Figures 84 and 85).

Having achieved suitable photoresist gratings with 2. 6 pm peal:-to-
trough heights on gold (Figures 85, 87 and 88) four samples were ion machined
in pairs to grating depths of 1 and 2 pm in gold (Figures 87 and 88, One sample
of each pair was used for SEM interrogation. Comparison of Figures 87 and 88

GOLD \ : PHOTORESIST PHOTORESIST\

\

\

\
1 uM

_L‘

a

A e s
Lans —
6150X 7000X
GOLD
a, Before ton machining, b, After ion machimng,

Figure 87, High-efficiency l-um deep grating ion machined in gold
using photoresist grating mask with 2,6 um relief height (minimal
standing wave structure in photoresist mask is no*
trarsferred into pold grating,)
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ION MACHINING EXCEEDED THICKNESS
OF THE GOLO LAYER CAUSING EXCESSIVE
ROUGHNESS AT GROOVES OF GRATING
AND EXPOSING SILICON SUBSTRATE

-

a, Before ion machining b, After ion machining
Figure 88, Z2-pm deep grating ion machined in gold using photoresist
grating mask with 2.5 pm relief height. (Ion machining
exceeded thickness of gold layer causing
5 excessive roughness of grating grooves

: and exposing silicon substrate,)

shows the deformation of the photoresist grating mask caused by high-energy
ion bombardment as the grating is transferred into gold, The photorecist
grating Lecomes more triangular as the machining depth of 2 um is
approached. The grooves of the gold grating also approach a triangular
shape for increased depth, However, the topn width of the grating which is

shielded by the photoresist during the ion machining remains unchanged,

With the two remaining samples, the deiormed photoresist grating
mask was cleaned off, leaving the final gold grating. Efficiency measurements
were taken with TE and TM polarization and compared with the predicted
data of the Berkeley diffraction efficiency code based on the grating shape,

depth and duty cycle., Quantitative data from these measurements are pre-

sented in Section 4 of this report,




4.0 HIGH-EFFICIENCY GRATING ANALYSIS AND MEASUREMENT

The material presented in this section includes the major portion of
the work that was carried out under Task IV (High-Efficiency Grating
Investigation). The balance of this effort, dealing with identification and
analysis of high-efficiency holographic grating concepts, was covered in
Section 2. While the earlier optical design analyses were concerned pri-
marily with the wavefront quality of the diffracted beams, the computer
analysis described in Section 4.2 was directed toward achieving high

efficiency in practical holographic grating designs. The presentation begins

with a discussion of high-efficiency design issues.

4.1 HIGH-EFFICIENCY HOLOGRAPHIC GRATING DESIGN ISSUES

Although high-efficiency linear gratings have been successfully pro-
duced by a variety of methods, this fact does not automatically ensure that

comparable results can be achieved with nonlinear holographic gratings,

A gabihtet Rl T e

which have neither straight grooves nor uniform groove spacing. To make
high-efficiency holographic gratings. it is necessary to take into account the
fact that the angle of incidence and the groove orientation (relative to the
plane of incidence), as well as the spacing. may vary as a function of posi-
tion on the grating.

The necessity of controlling all of these variables simultaneously
might appear to preclude the possibility of producing high-efficiency holo-

graphic gratings., However, the geometry of the grating groove (shape,

width, depth) is also a very important factor affecting the diffraction
efficiency. Small changes in groove geometry can cause relatively large

changes in the grating efficienoy. For example, a grating with a sinusoidal

groove profile theoretically can have an efficiency of 130 percent for either
polarization (electric vector perpendicular to the grooves, E,, or parallel
to the grooves, E“). The variation of diffraction efficiency as a function of
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groove depth for a sinusoidal linear grating is shown iu Figure 897'8, for
a particular groove period and angle of incidence. Note that very high
efficiency can be achieved in both polarizations for the same set of condi-
tions. This does require rather deep grooves, however. Achieving the
necessary groove depth with a controlled groove shape is the major issue
in the fabrication of high-efficiency holographic gratings.

The calculated efficiencies for both polarizations as a function of

relative groove period for a particular groove depth and angle of incidence
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Figure 89. Efficiency versus groove depth.

7. K. A. Zaki and A. R. Neu “2uther, ''Scattering from a Perfectly
Conducting Surface with a Sinusoidal Height Profile: TM Polariza-
tion, ' IEEE Trans. Ant. and Prop., AP19, 747 (1971).

8. K. A. Zaki and A. R. Neureuther, "Scattering from a Perfectly
Conducting Surface with a Sinusoidal Height Profile: TE Polariza-
tion, ' IEEE Trans. Ant. and Prop. AP19, 208 (1971).
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are given in Figure 90. These calculations were made for a rectangular
linear grating. 9 Here it is not possible to get peak efficiency for both
polarizations with the same groove period, for these particular parameters.
Similar plots can be made as a function of the angle of incidence and for other
groove shapes (triangular, trapezoidal, flattened sinusoids, etc.). Numerous
calculations such as these have been described in the literature and the
compured efficiencies agree quite well with measured values, especially in
the 1ixfrared region of the spectrum. '

The dependence of the diffraction efficiency on the groove depth‘and
profile applies equally to holographic gratings and was verified during the

study. Since the efficiency of these gratings is also a function of position,

(+]
8incIDENCE ~ 30

DEPTH =043 d
I

FIRST ORDER DIFFRACTION EFFICIENCY

|
0 04 08 1.2 16

d/x

Figure 90. Efficiency versus groove period,
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9. A, Wirgin and R. Deulil, "Theoretical and Experimentail Investigation
of a New Type of Blazed Grating," J. Opt. Soc. Am. 59, 1348 (1969).
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because of the factors noted above, it should be possibie. in principle, to
vary the groove geometry in a simple way (e.g., the groove depth) to
optimize the efficiency at every point. In particular, both high efficiency
and good efficiency uniformity can be realized in this way.

The optimization approach just described was pursued in conjunction
with the fabrication investigation of Task III and yielded excellent results.
Thus, the feasibility of producing holographic gratings having uniform high
efficiency hinges on the ability to control the groove shape and depth, These

fabrication issues were discussed in Section 3.

4.2 COMPUTER MODELING OF HIGH-EFFICIENCY GRATINGS

4,2.1 Description of the Berkeley Code

To calculate the holugraphic grating diffraction efficiencies, a
computer code developed at the University of California at Berkeley by
H. Kalhor, K. Zaki, and A. Neureuther was used. The code models a
perfectly-conducting metal grating whose cross-sectional groove profile
is composed of up to 50 contiguous line segments per period. A periodic
Green's function is chosen for use in an integral representation of the total
field. A numerical solution to the integral equation can then be generated,
yielding both the near and far fields.

The code has been arranged in the form of two subroutines, TESTTE
and TESTTM, which calculate the diffraction efficiencies for the TE(E,,)
and TM(E)) incident beam L .larizations, The subroutines are used in
conjunction with a calling program that translates the groove profile
parameters of interest (such as the groove depth and duty cycle of rec-
tangular grooves) into the lengths and angles of the contiguous line segments.
For most applicationé a small number of segments is adequate — two for
triangular blazed gratings and four for the trapezoidal grooyves produced by

ion-machining, Other required inputs are the groove period, the incident
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beam angle (measured to the surface normal), and parameters that govern

the number of sample points and the degree of convergence of the numerical

solution.

The subroutines compute the distribution of diffracted power into
all orders. Other readily available information includes .ne field magni-
tudes and phases of all the diffracted orders, and the firids existing at the
grating surface. A check on the accuracy of the numerical solution is
obtained by invoking conservation of the incident and diff-acted energies;
by this criterion the TM solutions are typically accurate to within 0.5 per-
cent and the TE solutions to within 0.1 percent.

- Following is a discussion of the mathematical formulation used to
: determine the groove period and orientation.
The groove period and orientation at each point are determined from

the construction geometry shown in Figure 91. To compute the fringe

(groove) pattern the two converging fields are summed, i.e.,

A
X

T TR T
v

bk
W
~N
1
|-
s

Figure 91, Construction geometry for the hologram.
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U ~ exp [jk (Bl r2 + x sin ‘Yl - z cos ‘Yl)]

+ exp [jk (Bzrz - x sin Y, - z cos ‘)/2)]

The gymbols are defined in Figure 91, The resultant intensity onthe

holographic plate (z = 0) is

I~2+2cos {k [(x2 + yz)(ﬁ)l - 32) + x {sin ‘yl + sin 'y?)]}

The fringe maxima describe an off-center region of a concentric
circularpattern, as shown in Figure 92. The equation for these circular

fringes is:

sin 'Yl + £in 'YZ 2 A
X +

2 (ﬁl‘—Bz) + y = (ﬁl 'Bz) + f (‘Ylo 720 ﬁltﬁz)

or,

2 naA
—(ﬁl -ﬁ2)+f(yl'y2' Bloﬁz)p n—’).l,Z,..,
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Figure 92, Frirye pattern of a holo-
graphic lens; the region enclosed by
the dashed circle is an example of the
pattern for non-normal incidence.
The grating period d/A is equal to the distance from the mth to the
(m + 1)&t groove, measured along a radius perpendicular to the grooves.
Since this direction is given by the vector 7 - 70, the period is,

approximately,

oF -7, !

S (13)

Py Paf[7 - o)
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where:

2
sin 71 + sin ‘rz

2
2'(8y - g,) ty (14)

I'F-r|= X +
o

To illustrate the use of this expression, consider a hologram made

by interfering an on-axis converging beam (pl = B Y, = 0) with a 45¢dégree

off-axis collimated beam ( Bz =0; 7= ‘Yz = 45°), We wish to determine

how the change in period affects the diffraction efficiency. The maximum

change in d/A occurs between the two edges of the grating on the x-axis
(along the -'?o direction in Figure 92). Denoting these points by x = txo.

y = 0, the f-number of the grating is given by

T
no. = 2% T 48x
o o

Hence, the two points in Question are defined by

1

%o © *4 B£/no,

y=20

By substituting these values into Equations 13 and 14, the periods at the

twn puints are found to be

1
siny % 1/(2f/no, )

4.
A

For an f/2 system with Y= 45 degrees, the period varies across the grating
within the range 1 < d/\ < 2.2,
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As an example of how the code can be used to guide the design of a
high-efficiency holographic grating, a typical set of efficiency design curves
(shown in Figure 93) was plotted. These groove designs were chosen tu
yield diffraction efficiency values close to the theoretical limit of 50 percent
for a holographic grating axicon with the trapezoidal groove rrofile indicated
in the figure. They also apply to the design of the abesrration- |
corrected beam sampler (see Section 5) which has almost the same beam
geometry as a small region of the axicon —a 45 -degree angle of incidence
and two diffracted orders. Fromn Figure 93, the best efficiencies
for toth polarizations were obtained when the ridge width (T) was between

30 and 50 percent of the groove period (D).

4,2.2 The Need for a Complex Model

It is a widely held misconception that diffraction grating efficiency
has been satisfactorily modeied for many years. In fact, adequate efficiercy
prediction has only become feasible with the development of computer
codes that could approximate the full clectromagnetic boui. ary problem
posed by the periodic structure, with a high degree of accuracy.

To understand the need for a comple diffraction efficiency model, it
is helpful to envision the incident beam exciting and intcracting with standing
wave modes within the grooves. Low-order rnodes will e real, and the
rest will be evanescent,

When the grating period is large 'd/A>1), the groove can support
a large number of real modes. The evanescent modes contribute relatively
little to the matchirg of fields at the grating surface. Under these
conditions, it is valid to approximate the effect of the grating as a simple
surface phase modulation of the incident wave, and to use Fourier compon-
ents to weight the diffraction efficiencies .of the resulting orders. Polari-

zation dependence need not be considered.
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Figure 93. Diffraction efficiency design curves:
veam sampler or mixing axicon,

As the grating period becomes comparable to the wavelength, the
boundary matching condition will depend more and more on evanescent
fields. Very high diffraction efficiency may occur when the incident wave
couples strongly into one of the real modes, Some types of anomalies will
occur when a similar resonance enhances an evanescent field, To char-
acterize the efficiency of a particular grating, the modes which the g.oove
can support must be known in detail as a function of the incident polariza-
tion, groove shape, substrate conductivity, etc. Unfortunately, this sort
of analysis is nearly impossible to carry out except in the special cases of
rectangular and 90 degree blazed grooves. For most practical applications,

an approximate or numerical solution is required.
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Two suitable numerical codes have been deveioped to date, The
first is the Berkeley code, which was used in this study. The code assumes
that the surtace fields on the grating can be fitted to a simple polynomial
within a small enough cell. Within such cells, the wave equations can
be integrated exactly, and the resultant matrix can be inverted to determine
the coefficients of the polynomial-approximated fields.

The second code, which was developed at the Faculte des Sciences
et Techniques de Saint-Jerome in France, manipulates the integral equa-
tions into a form in which they are amenable to an asymptotic expansion.

Theoretically, both codes can handle finite conductivity regimes;
however, the version of the Berkeley code that was used in the Holographic

Grating Study does not do this.

4,2.3 Verification of the Code

Comparison of predicted efficiencies with experimental data has
yielded a high degree of confidence in the accuracy of the Berkeley code
at wavelengths of 3 um and above. The results of one code verification
effort are presentad in Figure 94. Loewin, et al = have
published data which indicate excellent agreement between their measure -
ments and the Saint-Jerome code. Calculations from the Berkeley code for
the same gratiig configuration have been added to these curves. In the TM
polarization the curves are very well matched; in the TE polarization the
shape of the curve is identical, but the curve appears to be shifted to

slightly shortér wavelengths.

10. E. G. Loewin, et al., "Correlation Between Efficiency of Diffraction
Gratings and Theoretical Calculation Over a Wide Rang~,'" Japanese
J. Appl. Phys., 14 (1975) Suppl. 14-1.
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Figure 94,

Another code verification is shown in Figure 95.
of Dayton Research Institute compared the unpolarized reflectivity of a
trapezoidal ion-etched grating to predictions of the Saint-jerome theory:

again, values computed with the Berkeley code have been added to the plot.

TM(E L)
e BERKELEY CODE

= == e=  BAUSCH AND LOMB
EXPERIMENTS

| | L 1

TE(EM
BERKELEY CODE

BAUSCH AND LOMB
EXPERIMENTS

SAINT-JEROME CODE

i ] | | 1 1

04 08 1.2

A /D

Code verification: Bausch and Lomb blazed gratings.

The two curves compare very favorably,
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Figure 95, Code verification; Hughes ion-etched
grating. Reflectivity in unpolarized light,

4.3 HIGH-EFFICIENCY HOLOGRAPHIC GRATING MEASUREMENTS

A set of ten holographic grating samples was frbricated as described
in Section 3.4.4. These gratings are of the type modeled in Section 4.2. 2
(see Figure 93). The theoretical diffraction efficiency limit for these gratings
h 50 percent for an iacident angle of 45 degrees. Figures 96 and 97 show
the.meuuroq‘_gfﬁciency values for both polarizations. Gratings with groove
geometrics of this type are suitable for use as high-efficiency grating

TR

s st

axicons. In the axicon case (normal incidence), approximately 50 percent
-of the incident beam would be diffracted into each order (n = £1). These
samples confirm the high diffraction efficiency characteristics of ion
machined holographic reflection gratings.
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5.0 ABERRATION-CORRECTED HOLOGRAPHIC GRATINGS

This section of the report documents the work accomplished
under Task VI (Aberration-Free Beam Sampler Feasibility Demonstration), *
Section 5.1 contains a discussion of the task objective and the design and
fabrication issues involved, while the detailed design of the demonstration
grating is presented in Section 5.2. Results of the spot profile and diffrac-
tion efficiency measurements that were performed are described in

Section 5, 3.

5.1 OBJECTIVE AND DESIGN ISSUES

The advantages of using aberration-corrected holographic gratings
in HEL systems applications and the possibility of fabricating them by means
of the "aberrated-wavefront' exposure technique were discussed in preceding
sections of the report. The objective of Task VI was to demonstrate that
such gratings could in fact be designed and fabricated by e‘xisting methods,
For this purpose, a design configuration was chosen that would be repre-
sentative of a beam sampler for an infrared HEL beam. First, aberration-

corrected designs of the grating and construction opfics were performed with

*The gratings developed under this task were originally called "aberration
free, ' but this designation was subsequently dropped in favor of the more
accurate term ''aberration corrected''. The two descriptions are used
synonymously in this report,
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the aid of cxisting optical design computer programs. Then the holographic
grating was fabricated using the specially designed compensating optics in
the co..struction bearns. Following completion of the fabrication process,
ion machined samples were played back in the design geometry and wave-
length, and the intensity distributions of their focal spots were measured to
assess the residual aberrations,

The sampling geometry selected for the demonstration was a flat
mirror oriented at 45 degrees to an incident parallel beam. The holographic
grating was designed to focus the first diffracted order at a point on the
normal through the center of the mirror, as shown in Figure 98. Ttis
choice was influenced by two major considerations:

1. The aberrations associated with this highly off-axis configuration
are relatively severe compared to those of other designs and
therefore constitute a convincing test of the aberration-
correction technique. Furthermore, the degree of compensation

achieved is more easily evaluated when the corrected aberrations
are large relative to the diffraction limit.

2. Since the spin-coating technique used throughout most of the
fabrication investigation ig not well suited for curved substrates,
a flat grating design was chosen for demonstration purposes.
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PLAYBACK OPTICS
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Figure 98, 45-degree mirror beam sampler. Mirror
sample point distance 11.81 inches (30 cm).
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An important practical consequence of the 45 -degree configuration
employed was that the alignment toleranc=s for both construction and
playback turned out to be especially stringent., (The tolerances are speci-
fied in Section 5.2 in connection with the design description.) In fact, the
alignment tolerances for playback would probably preclude the use of this
design in a real HEL system, at least with a fixed mirrcr, Because of
these tolerances, the alignment procedures required for exposure and
measurement of the demonstration grating were unusually delicate and time
consuming. Nevertheless, the aberrations were successfully reduced to
a level approaching the diffraction limit, thereby confirming the feasibility
of the method, The focal-spot and efficiency measurements are described
in Section 5, 3.

A second issue of concern relating to the design of aberration-
corrected gratings was the optical quality of the substrate, Since the
grating design is predicated on the assumption that the substrate is per-
fectly flat, any distortions of the substrate (which also distort the grating)
will tend to introduce spurious aberrations anc confuse the grating evalua-
tion.® For this reason, the demonstration grating samples were fabricated
on A/20 optical flate, as described in Section 2. Both high-efficiency and
intermediate-efficiency samples were made by machining the gratings to
different depths in the substrate. The latter were used in place of low-
efficiency samples whichwould be difficult to measure accurately with a
low-power laboratory laser,

Even though the requirements of Task VI were satisfied by the
aberration-corrected gratings on optical flats, it was of interest to see if

similar results could be obtained with a larger and more realistic substrate.

#Refer to the discussion of grating distortions in Section 2.3. .
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For this purpose, a molybdenum water-~cooled high-powes mirror
approximately 9 ¢m in diamecter was 1oaned to Hughes by the Air Force
Weapons Laboratory, Because of its size and weight, this mirror could
not be spin coated, as were the flats. Instead, after being polished flat,
it was coated with photoresist using an experimental dip-draining technique,
After initial experimentation with the new t.chnique, the demonstra-
tion grating was fabricated on the "GFE" mirror and its residual aberrations
and efficiency uniformity were nicasured over an aperture of about 3 inches,
The measurements showed that the larger grating also achieved nearly
diffraction-limited performasnce, although some peaking of the diffraction
elficiency was observed near the edges of the mirror. These results were
achicved in spite of the fact that the mirror had been pvlished, but not coated
under pressurized conditions and was therefore somewhat distorted,
(Experimental difficulties prevented it from being coated under pressure, )
Ao aterferogram of the unpressurized mirror before coating is shown in

Figire 99,

Figure 9%. Interferogram of GFE mirror.
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5.2 ABERRATION-CORRECTED BEAM SAMPLER DESIGN

The aberration-corrected 45-degree beam sampler, shown in Fig-
ure 98, consists of a nonlinear holographic grating on a plane mirror,

The grating was designed to diffract a collimated 3,39 -um beam incident at
45 degrees in such a way that an aberration-free wavefrcnt converging to a
point 30 cm from the mirror is obtained in the first order. The grating on
the mirror is 9 cm in diameter, with a nominal speed of /3.3, The axial
ray, which passes through the center of the grating, is diffracted along the
normal to the mirror,

The holographic grating fringe pattern was recorded in photoresist
using interference between two coherent wavefronts at a wavelength of
0.4416 um., The hologram construction optics necessary to record the
correct grating pattern are shown in Figure 100, To correct aberraticns
on playback in the infrared (A = 3,39 um), the hologram was constructed

with aberrated wavefronts by means of a cylindrical lens in one beam and a
spherical lens in the other. These construction optics are advantageous in
that the f-numbers of the construction beams are much smaller than ti:at of
the final beam, and both are diverging beams. The conventional optical
elements required in this case are of small aperture and can be easily
manufactured and cleaned. However, the alignment tolerances of these

elements on the optical bench are stringent. The steps taken to obtain the
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Figure 100, Construction optics for aberration-corrected
45-degree mirror beam sampler.
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final conetruction optics design for the aberration-corrected, 45-degree
beam sampler are summarized below,

First, the distances and angles of the construction point sources that
satisfy the paraxial equations were investigated in a tradeoff niode. This
show~d that coma and astigmatism in the beam on playback both decrease
with an increase i« the conjugate distances of the construction optics. Coma
can2lso be minimi: :d by properly selecting the angles of the two construc-
tion heams relative t» the mirror. The conjugate distances of the con-
struction optics were therefore sele.ted so that the longer distance would
conveniently fit on the available optical bench in the laboratory, and the
angles were nelected to minimize the coma., Residual astigmatism was
corrected by inserting a cylindrical lens in the beam corresponding to the
long conjigate distance. This effectively _hanges the focal distance along
one axis of the mirror. Spherical aberration was then corrected by adjust-
ing the power and bending of the lens in the short-conjugate beam (Fig-
ure 100) along with the distance of the short conjugate point from the mirror.
The fina; stage of the design was to vary all of the construction optics
parameters simultaneously using the Hughes ¢ ‘ical design optimization
program, to minimize the resiaual aberrations . 4 obtain the smallest
possible geometrical blur,

The geometrical aberrations of the design are shown in Figure 101;
they are well below the diffraction limit for the design geometry, which is
a spot of 13,8 pm radius, The dominant residual aberration is high-order
spherical aberration, which is of opposite sign in the planes of symmetry
and asymmetry. This aberration can be most effectively reduced by the

addition of complex higher-order aspherics to the construction optics.
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Figure 101, Departure of the rays from a perfect geometrical
focus versus the relative aperture., The diffraction limit is
13.8 um.

However, the added cost is not warranted in view of the already low
aberration level and the nature of the overall program objectives. Because
of tie rapid increase in the aberration near the edge of the pupil, care must
be taken not +o utilize this design with a larger aperture. The geometrical
aberrations over the full aperture are further represented by the spot

diagram and knife edge traces shown in Figure 102, Finally, recent
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Figure 102, Geometrical spot diagram and knife edge trace for nominal
design of the aberration-corrected 45-degree beam sampler.

modifications of the Hughes optics codes permit computation of waveformas
passing through ﬁolographic optical elements, In this design, the maximum
wavefront aberration is about A/14,

The design was evaluated to establish the opto-mechanical tolerances
that would have to be maintained during construction. The tolerance
criterion employed was that the root-sum square of the geometrical per-
formance degradations associated with the tolerances éiven in Table 17
should be less than the difference between the diffraction limit and the
maximum abe rr.ation in the nominal design., These tolerances are based on
the assumption that on playback, both the focus and angle of incidence of
the beam on the mirror are adjustable over a small range of values to obtain
the minimum spot size, If this is not done, the tolerances become exces-
sively severe, particularly for the angles of the two construction beams
relative to the mirror. The tolerances given in Table 17 are stringent,

but can be held in the laboratory.

190

3 -,
Ni y
e




TABLE 17, CONSTRUCTION OPTICS TOLERANCES ASSUMING ADJUST-
MENT OF THE INCIDENT BEAM /£ ND FOCUS ON PLAYBACK
Design Parameter Value Tolerance
Short Conjugate
Distance betwe- . point source and lens, inches| 5,589 +0. 003
Distance between lens and mirror, inches 26,784 0. 045
*Angle of incidence of beam on mirror, 2°55'06" ]!
degrees/minutes/seconds
Loug Conjugate
Distance between point source and lens, inches| 7,721 %0, 015
Distance between lens and mirror, inch 60.617 0,053
*Angle of incidence of beam on mirror, 7°53112" +1!
degrees, minutes, seconds
*A variation of one or both of the construction angles can be compensated
by a variation of the playback beam angle of incidence. However, the
| difference between the two corstruction beam angles must be held to a
! tolerance of less than *1'30'",
NOTE: The lens drawing tolerances are given in Figures 103 and 104.

The drawings {or the lenses used in the consiruction optics are shown

in Figures 103 and 104, These lenses were designed to fit existing test

plates.
5.3 EVALUATION OF DEMONSTRATION GRATING DESIGN

5.3.1 Focal Spot Profile Measurement

The measurement of aberrations in holographic gratings designed for
use in the 3-pm wavelength region is constrained by the following

considerations:
l. Holographic gratings can be corrected for aberrations only for a
single reconstruction geometry and a single wavelength., Thus,

testing must be done at the design wavelength in the design
geometry.
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2. The availability of lasers operating near 3 pm and having good
phase characteristics is very limited. At the Hughes Research
Laboratories, a 3,39-um laser with an output power of about
15 mW was the only available source. The non-visible wave-
iength and low power make the use of interferometry to measure
the diffracted wavefront unwieldy and impractical,

Fortunately, the holographic gratings of interest are designed for
use with point-source or collimated beams; hence, evaluation of the focal spot

produced by the grating is sufficient to determine its focusing properties

and the degree of aberration correction achieved.
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NOTES: UNLESS OTHERWISE SPECIFIED

1. MATERIAL: GLASS, OPTICAL, TYPE 517-842
CLASS 1, GRADE 8, FINE ANNCALED

2. SURFACES MARKED P POLISHED. ALL OTHERS
GROUND WITH 220 GRIT SIZE OR EQUIVALENT

3. CLEAR APERTURE:
ENTRANCE; WITHIN 0.060 OF ALL EDGES
EXIT; WITHIN 0.060 OF ALL EDGES

4. SURFACE QUALITY: 80 - 80

Figure 103,

o SURFACE TO MIT TEST PLATE TO WITHIN
1 FRINGE, 1/4 FRINGE IRREGULARITY

6. CHAMFER EDGES 0.008/0.028 FACEWIO TH x 40/80 DEGREE

7. COAT POLISHED SURFACES TO CLEAR APERTURE
FOR A REFLECTANCE OF LESS THAN 0.5 PERCENT AT
WAVELENGTH OF 41 8

8. PLACE IDENTIFYING MARK ON EDGE OF LENS
TO INDICATE PLANO SURFACE

Lens, cylinder IA,
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Figure 104. Lens, IB.

The grating samples were mounted in the reconstruction

mnmﬂmmnmmﬂnmmmnmmmmwmmm
-

geometry for which they were designed. They were illuminated at an angle

of 45 degrees with a well-collimated beam of 3.39-pm radiation 15 ¢m in

diameter. The intensity distribution in the focused spot was measured by
scanning the focused beam over an InSb detector with a pinhole aperture
which was small compared with the diffraction-limited spot size,

Details of the testing setup are shown in Figure 105. The horizontal

scanner swept the 3,39 -um focal spot in a slow linear scan past the pinhole.

T

193

R e TR N e N AT A




AL i A st

s

LOCK-IN
_AMPLIFIER

=]
In-Sb
DETECTOR
HORIZONTAL

SCANNER VERTICAL
SCANNER —

)

BEAM

SAMPLER . ——— B

N

3.39 pm He-Ne <

\
CHOPPER

Figure 105. Focal spot profile measurement,

The vertical scan signal was DC and was varied in small increments, It
was advantageous to amplify the detector output with a lock-in amplifier
and chopper. By combining the amplified detector output with the DC verti-
cal signal, the signals for a three-dimensional scan profile were obtained on
an x-y recorder. Some sample scans are also shown in Figure 105,

The size of the focal spot was calibrated by comparing the width
of the plotted sweep trace to the measured angular mirror deflection. The
given experimental errors (#5 pm) are a result of possible errors in
measuring the small ( ~10 minute) mirror deflections. Correction was made
for the finite size of ‘the pinhole by subtracting the pinhole size from the
calculated spot size.

Alignment and interferometric testing of the collimator optics were
accomplished with a 6328 A HeNe beam which was introduced cc-linearly
with the 3.39-pm beam. Collimation testing was performed by shearing the

beam alternately in the horizontal and vertical directions with a 4-inch
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Fabry-Perot plate, The residual aberration remaining after collimation

was difficult to measure with the shearing plate. A conventional inter-

ks s A

ferogram of the HeNe wavefront was then made (Figure 106) which showed

several waves of aberration at 6328 A. Fortunately, this corresponds to only'

a fraction of a wave at 3.39 um.

Measurements were made in the TE(E ) polarization because the
diffraction efficiency of the gratings was found to be more uniform in this
polarization. (Diffraction efficiency measurements are discussed in

Section 5.3.2.)

Results

R RRHER S At Rb i RS R RH DB U A

The focal spot profile of a 2-inch high-efficiency sample grating was

obtained. This sample was chosen because its high efficiency compensated

AT (T (AT I T

somewhat for the small {raction of the incident beam area being used.
Since the small samples were processed identically up to the point of ion
machining, it was not necessary to measure the beam quality of more than
= one, However, the grating etched into the water-cooled GFE mirror was
processed differently (the photorecist was dip-drained rather than spin-

coated, and the aperture was larger), so additional time was devoted to

i

measuring this grating. The results of the two tests are shown in Figure 107
and 108, The diffraction-limited spot size of the 2-inch sample is 49 um;
the spot was passed through a 12, 5-pm pinhole, The.3-inch grating on the
watercooled substrate had a theoretical spot size of 32um, and a 7 =um

pinhole was used in this case. Both plots show that within the limits of

M A

experimental accuracy the central spots are of the predicted width. This

represents a dramatic reduction in spot size relative to the spot from an

uncorrected focusing beam sampler, However, by the amount of enexgy

scattered into the sidebands it was evident that some residual aberration

=
-
:
-
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Figure 106, Interferograms of collimated incident beam at 6328 A,
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Figure 107. Focal spot profile of aberration-
corrected beam sample: High-
efficiency sampler,

197




e e A

3

A e A

HORIZONTAL SCANS GRATING APERTURE
=3 INCHES

VERTICAL SCAN

\’\W

I7um

D o

R Vo S

ITum
*$POT SIZE CALIBRATED TOt8xm

Figure 108. Focal spot profile of aberration-corrected
beam sampler on water-cooled mirror,

was still present. In the time available, it could not be determined whether
this was caused by high order aberrations in the beam sampler itself, or the
residual aberrations in the collimated incident beam. To answer this
question, additional measurements would be required,

5.3.2 Diffraction-Efficiency Measurements

A measurement of diffraction efficiency uniformity was obtained by
scanning an image of the diffracted beam past the detector (Figure 109a),
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Figure 109, Diffraction efficiency measurements.
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Some horlzontal scans at different heights for the measured gratings are
shown in\Figure 110, The small, spln-coated samples exhibit excellent
uniformity in suth polarizations. The larger grating shows excellent uni-
formity ln the TE polarizatlons, while some peaking occurs near one edge
of the mirror ln the' TM polarlzation, One note of interest concerning this
grating ls that the upper and lower scans r:veal a small an.ount of coupling,
between the two polarizations, Peaks and dips occur in the same places
even taough the magnitudes remaln quite different., This is probabiy caused
by the curvature of the grooves; at the centerline where the grooves are
vertical, no such coupling is observed.

To calibrate the magnltudes of these curves, spot checks were made
at half-inch intervale along the horizontal centerline scan, using the
unéxpanded 3,39 um beam and a Scientech thermopile detector (Figure 109b),

The center efficiency was measured as follows:*

39 percent TM (E ;)
Small high-efficiency sample No. 1

45 percent TE (E )

35 percent TM (E,)
Small high-efficiency sample No. 2

42 percent TE (E )

20 percent TM (%)
Small intermediate -efficiency sample

13 percent TE (E)

9. percent TM (E )
Water-cooled substrate sample
6.7 percent TE (E )

The spot measurements also corroborated the shape of the scanned diffrac-

tion efflciency curves.

*These gratings were not deslgned to have equal efficiency values,
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Figure 110, Diffraction efficiency uniformity.
Horizontal scan recorded at three heights;.
calibration varies from sample to sample, and
between polarizations; efficiency at grating
center is noted for each.

201




Rl -
i A

[\ T\

U

AN

TM(E) TE (€,
c. Intermediate-efficiency sample
L ]
-9.8%
: !—6.7%
Tea = 3inches
T™(E)) TE (Ew)

d. Grating on the water-cooled mirror

Figure 110, (Continued)
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6.0 CONCLUSIONS OF THE STUDY

The two primary goals of the Holographic Grating Study were to
demonstrate the feasibility of fabricating low and high-efficiency ion-
etched holographic grati. 38 (HGs) and, by means of optical analysais, to
establish their suitability for use in practical HEL systems, Although
prospects for complete success were uncertain in the beginning (hence,
the reason for the study), both goals were in fact fully achieved. In
this concluding section of the report, the results of the study are
summarized and their implications for the continued development of

holographic grating technology are discussed.

6.1 SUMMARY OF RESULTS

The most tangible outcome of the experimental investigation
was the successful fabrication of several low-efficiency and high-efficiency
sample gratings ion-machined on gold-coated optical flats, and a low-
efficiency beam sampling grating in gold on a water-cooled, high-power
mirror approximately 9 cm in diameter. The measured diffraction
efficiency of the spin-coated sample gratings exhibited excellent uniformity
in both polarizations, while the efticiency of the mirror grating, which was
dip-coated, was only slightly less uniform. These results serve to
demonstrate the efficacy of the fabrication techniques employed, including
the measures taken to obtain uniform photoresist coatings, spatial stability
of the interference fringes during exposure of the grating, and control of
the ion-machining process to ensure accurate transfer of the photoresist
grating into the geld, Effective methods of suppressing standing wave
patterns in the photoresist gratings were also demonstrated.

The optical analysis effort yielded several important results. Foremost
among these was the counclusion that sampling of an HE I beam for purposes
of line-of-sight or wavefront control by means of a holographic grating on
the primary mirror is feasible for certain sampling geometries. This

concept was analyzed in considerable detail and led to the definition of an
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implementation approach for a primary mirror HG beam-sampling LOS
.control subsystem. A holographic grating axicon concept was also examined
in sufficient depth to establish it as a promising candidate for use in an
P\nnular ring resonator of a high-energy laser. Another concept found to
have significant potential for HEL systems was a holographic grating rhomb.

The design, fabrication and evaluation of aberration-corrected
holographic gratings were also addressed during the study. For this
task, a corrected 45-degree beam sampling grating was designed and
fabricated on the water-cooled mirror and four of the optical flats. In
each case, the focal spot was found to be the same size (within experimental
accuracy) as that of a diffraction-limi.ed beam; this represents a dramatic
improvement over the performance of an uncorrected grating with the same
design geometry. Thus, the results of this effort verified the aberration-
corrected design and also deinonstrated that the opiical performance inherent
in thie design is preserved in the fabrication process.

The remaining investigation was directed toward establishing the
feasibility of designing and fabricating high-efficiency holographic gratings.
This effort was also successful, as evidenced by the high-efficiency gratings
that were produced'underrthe fabrication task. As an example of the results
obtained, an HG designed for 50 percent diffraction efficiency yielded
measured values of 50 and 46.5 percent for two orthogonal polarizations of
the incident beam. These results were achieved with the aid of a computer
code to determine the optimum grating parameters for a specific design.
The success of this effort was especially gratifying since the development of
practical high-efficieacy HGs was regarded as perhaps the most difficult
technical challenge of the Holographic Grating Study, and paves the way for
a number of impdrtant high-efficiency applications., not.ab-ly th;: HG axicon
and the HG rhomb.

6.2 IMPLICATIONS FOR FUTURE DEVELOPMENT

Due in large measure to the ruccessful outcome of the Holographic
Grating Study, the development of ion-machined holographic gratings has
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progressed from R&D status to the threshold of becoming a generally
accepted engineering technology.. Since the viability of several HG concepts
for HEL systems has been shown analytically, while the requisite design
ard fabrication techniques for both low-efficiency and high-efficiency
gratings have been demonstrated with optical flats and a 9-cm water-cooled
mirror, the results of the Qtudy would appear to leave only one major

issue unresolved - the scalability of the fabrication methods to much lax'-ger
substrates, e.g., primary mirrors exceeding one meter in diameter.

Before addressing this question, it should be noted that neither the
optical design techniques used to analyze the grating concepts and configura-
tions, nor the cnmputer-nded design of the gratmg itself are in any way
limited tc small apertures. Hence the results of the study are sufficient
to establiei» confidence in the analytical tools presently available. It is also
evident that thg basic understanding of photoresist deposition, exposure, and
ion-machin.ing processes acquired in the course of che experimental investiga=
tion is entirely applicahle (and in fact essential) to the fabrication of larger
gratings.

The scalability of the fabrication methods Linges on developing
a scalable substitute for the spin-coating photoresist deposition proce-al
that was used for most of the experimental work. (Spin coating is inherently
limited to small substrates because of the mechanical forces involved. )

On the basis of preliminary investigation during the iolographic Grating
Study and subsequent additional development, Hughes believes that the
dip-coating method is a suitable replacement fuor spin coating, and is fully
scalable to any desired size.

The other two requirements for scaling up the fabrication process
involve only straightforward, low-risk engineering modifications. As
discussed in Section 3, 2.3, the additional laser power needed for making
large-area holographic gratings with reasonable exposure times has already
been provided by upgrading the source with a new laser of higher power
and shorter wavelength (for improved photoresist sensitivity). " Scaling up
the ion-machining and substrate-handling facilities is also a ltraightforward

engineering task.
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Thus, although further work is needed to assess absorption and
scattering effects, the most critical issues relating to the development of
large ion-machined holographic gratings have been successfully resolved.
In conclusion, the HGS Program has shown that holographic gratings con-
stitute a viable technology for high-energy laser systems applications,

As the versatility and unique properties of these devices become more
widely appreciated, they will inevitably assume an increasingly important

role in the development of HEL systems.

206

R s




€ 15 2 9055 25 D0 9 AF 91K 20 2 9 AF 9 AF HF RSAF S 9

-"I
X

MISSION
of

Rome Air Development Center

RADC ptand and ¢xecutes research, development, test and
delected acquisition programs in support of Command, Controd
Communications and Intelligence (C31) activities. Technical
and engineering suppornt within areas of technical competence
48 provided to ESD Progham Off<ices (POs) and other ESD
elements. The principal technical mission areas are
communications, electromaghetic guidance and control, sur-
velllance of ground and aerodpace objects, intebligence data
collection and handling, Lnfonmation system technofogy,
Lonospheric propagation, solid state sciences, miciowave
physics and electronic reliabilety, maintainability and
compatibility.

5 0 K ICAF HSF S 5T A SF RSF D

2 £ K AF LS I SF

.

e s e e e £ T R R L i e g o




